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The development of high purity Mg alloys and new processing techniques have led to 
the emergence of the first degradable Mg implants on the market. Those commercially 
available implants are designed for specific bone fixation and atherosclerosis treatments. 
Nevertheless, the not well-understood degradation mechanisms of Mg-based materials under 
physiological conditions is one of the reasons hindering the promising use of those materials 
for other applications as a degradable biomaterial. Due to the current uncertainties in 
defining/monitoring the complex corrosive in vivo environment, the influence of the different 
physiological fluid components in the Mg degradation mechanism has to be clarified by in vitro 
studies. However, most of the in vitro studies monitor the bulk solution environment, defined 
by the concentrations and pH, as the only relevant corrosive environment. Only a few in vitro 
studies take into account the mass transfer phenomena at the Mg surface and identify the 
importance of the local surface environment on Mg degradation mechanisms. However, those 
studies do not provide insight into the correlation between the solution conditions at the 
surface and the degradation products layer as a critical degradation rate modifier. Among all 
the physiological fluids components, the inorganic fraction, and particularly the presence of 
Ca2+ cations, was revealed in previous studies as a critical modifier of the degradation rate of 
Mg alloys. For this reason, the effect of Ca2+ cations presence on the pH at the Mg 
/degradation solution interface (interface pH) were investigated in this work by Scanning Ion-
selective Electrode Technique (SIET) on different magnesium materials (HP-Mg, Mg-1.2Ca, 
Mg-2Ag and E11). The different corrosive solutions based on the commercial HBSS 
composition were applied under flow conditions to mimic the in vivo homeostasis. Moreover, 
the influence of the presence of Ca2+ cations in the degradation products layer composition 
was analysed by optical microscopy (OM), backscattered scanning electron microscopy 
(BSEM), energy dispersive x-rays (EDX), grazing angle x-ray diffraction (GAXRD), micro x-
ray fluorescence (µXRF), and Fourier Transform Infrared Spectroscopy Attenuated Total 
Reflectance (FTIR-ATR). The results show that the presence of Ca2+ cations generates a 
decrease in the degradation rate (26% - 65% depending on the Mg material) and the interface 
pH (around pH 8 for all the alloys). These effects are attributed to the fast development of an 
amorphous calcium phosphate (CaPs) compact outer layer. The precipitation/dissolution 
equilibrium of the products forming the degradation layer generates an extra buffering system 
at the interface. This local buffering system can absorb the differences in the pH promoted by 
different materials with significant differences in the degradation rate. Therefore, this study 
contributes to describe the local surface environment of Mg-based materials under simulated 
physiological conditions and provides relevant information concerning the importance of the 
interface pH on the development of the degradation products layer. 
Zusammenfassung 
Die Entwicklung hochreiner Mg-Legierungen und neuer Verarbeitungsverfahren resultierten 
in die Markteinführung der ersten abbaubaren Mg Implantate. Diese kommerziell erhältlichen 
Implantate wurden entwickelt, um Knochen zu fixieren und Atheroskleroseprobleme zu lösen. 
Dennoch sind die noch nicht ausreichend gutverstandenen Abbaumechanismen von Mg-
basierten Materialien unter physiologischen Bedingungen einer der Gründe, die den 
vielversprechenden Einsatz dieser Materialien für andere Anwendungen verhindern. Aufgrund 
der aktuellen Unsicherheiten bei der Definition/Überwachung der komplex korrosiven in vivo 
Umgebung, muss der Einfluss der verschiedenen physiologischen Flüssigkeitskomponenten 
im Mg-Abbaumechanismus durch In vitro-Studien geklärt werden. Die meisten In vitro-Studien 
berücksichtigen jedoch nur den Zustand  der Bulklösung, definiert durch die Konzentrationen 
und den pH-Wert, als die einzige relevante korrosive Umgebung. Darüber hinaus 
berücksichtigen nur wenige In-vitro-Studien die Stoffaustauschphänomene an der Mg-
Oberfläche und identifizieren die Bedeutung der lokalen Oberflächenumgebung für die 
Abbaumechanismen von Mg. Diese Studien geben jedoch keinen Einblick in den 
Zusammenhang zwischen den Lösungsbedingungen an der Oberfläche und der 
Abbauprodukte der Schicht als kritische Einflussgröße der Abbaurate. Unter allen 
Komponenten der physiologischen Medien wurde der anorganische Anteil und insbesondere 
das Vorhandensein von Ca2+-Kationen in früheren Studien als kritischer Faktor der Abbaurate 
von Mg-basierten Materialien identifiziert. Aus diesem Grund wurde die Auswirkung des 
Vorhandenseins von Ca2+-Kationen in der korrosiven Lösung auf den lokalen pH-Wert der 
Oberfläche in dieser Arbeit durch Scanning Ion-selective Electrode Technique (SIET) auf 
verschiedene Magnesiummaterialien (HP-Mg, Mg-1.2Ca, Mg-2Ag und E11) untersucht. Die 
verschiedenen korrosiven Lösungen auf Basis der kommerziellen HBSS-Zusammensetzung 
wurden unter Strömungsbedingungen eingesetzt, um die in vivo Homöostase nachzuahmen. 
Darüber hinaus wurde der Einfluss des Vorhandenseins von Ca2+-Kationen in der Schicht der 
Abbauprodukte durch optische Mikroskopie (OM), Rasterelektronenmikroskopie (REM), 
energiedispersive Röntgenspektroskopie (EDX), Glanzwinkel-Röntgenbeugung (GAXRD), 
Mikro-Röntgenfluoreszenz (µXRF) und Fourier-Transform-Infrarotspektroskopie – 
Abgeschwächte Totalreflexion (FTIR-ATR) analysiert. Die Ergebnisse zeigen, dass das 
Vorhandensein von Ca2+-Kationen eine Abnahme der Abbaurate (26% - 65% je nach Mg-
Legierung) und des lokalen pH Wertes in Oberflächennähe (ca.pH 8 für alle Legierungen) 
bewirkt. Diese Effekte sind auf die schnelle Entwicklung einer kompakten Außenschicht aus 
amorphem Calciumphosphat (CaPs) zurückzuführen. Das Fällungs-/Lösungsgleichgewicht 
der Abbauschicht bildenden Produkte erzeugt jedoch ein zusätzliches Puffersystem an der 
Oberfläche. Dieses lokale Puffersystem kann die Unterschiede im pH-Wert absorbieren, die 
durch verschiedene Materialien mit signifikant unterschiedlichen Abbauraten begünstigt 
werden. Diese Studie trägt dazu bei, die lokale Oberflächenumgebung von Mg-basierten 
Materialien unter simulierten physiologischen Bedingungen zu beschreiben und liefert 
relevante Informationen über die Bedeutung des oberflächennahen und lokalen pH Wertes für 
die Schichtentwicklung der Abbauprodukte. 
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1.1 Biomaterials for bone remodelling  
The definition of a biomaterial has been modified progressively over the time according 
to a paradigm change concerning the favoured interaction between the biomaterial and the 
biological tissues from an inert to a determining active role, as is detailed in Table 1. According 
to that, a current and agreed definition accepted by the European Society for Biomaterials 
(ESB), defines biomaterials as materials designed to interact with biological systems to 
assess, treat, enhance or replace any tissue, organ or function of the body. 
Table 1 Definitions applied to Biomaterials over time. 
Year Definition Reference 
1975 
The material used to replace a part or a function of the body in a safe, 
reliable, economical, and physiologically acceptable manner 
[1] 
1980 
Materials of synthetic origin as well as of natural origin in contact with 
tissues, blood and other biological fluids, intended for use in the 
manufacture of prostheses, diagnostic or therapeutic devices and 
storage applications without adverse effects on the living organism 
and its constituents 
[2] 
1992 




Materials that constitute parts of medical implants, extracorporeal 
devices, and disposables that have been utilised in medicine, surgery, 




Every synthetic material used to replace part of a living system or to 
function in intimate contact with living tissue 
[4] 
The variety of biomaterials and their possible applications have significantly expanded 
during recent decades. Those materials are currently applied for a prosthesis as implants to 
replace a specific injured or absent tissue, materials used as tools for the implant fixation, for 
transport and drug delivery, and used as adhesives to stop bleeding. Furthermore, 
biomaterials can be created by tissue engineering in vitro to regenerate living tissues. Also, 
there is the possibility of modifying and controlling the surface properties of materials, in 
particular topography and surface chemistry aiming to stimulate specific interactions of 
materials with the biological environment, like simulating biological responses or improving 
the osteoconductive capacity [5]. 
A biomaterial should satisfy the following properties; (i) non-toxic for the organism, (ii) 
chemically stable or with controlled chemical stability, (iii) suitable mechanical properties, (iv) 
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adequate size and design, (v) reproducible in all its characteristics, and (vi) affordable. Given 
those requirements and the complexity of the interactions between the biomaterial and the 
physiological environment, the development of biomaterials needs the confluence of different 
disciplines. Material science, biology and physiology, clinical sciences, and more fundamental 
sciences like chemistry and physics, are therefore required to solve the challenges of a new 
biomaterial product efficiently. 
Despite the high regenerative capacity of bone, bone together with joint pathologies 
are among the leading causes of chronic pain, physical disability and work absence in both 
developed and developing countries, affecting millions of people worldwide [5]. Thus, the last 
two decades (2000-2020) has been declared by the World Health Organization as the Bone 
and Joint Decade [6]. Currently, over 100 million Europeans and 40 million people over 45 
years in the USA suffer musculoskeletal problems. As the average age of the population rises, 
the USA projections estimate an increase up to more than 60 million persons (22% of the 
population) by the year 2030. This projection presents a significant impact on patient quality 
of life, direct medical and indirect costs [5]. 
New technologies and advances in orthopaedic surgery, like the current gold standard 
use of autografting that involves the bone tissue transplantation from a non-load-bearing site 
of the patient and transplantation into the traumatised site, have significantly contributed to 
enhancing bone repair. Despite this, there are still some cases where problems related to 
improper bone healing need to be resolved; (i) fracture non-unions and delayed-unions, (ii) 
osteoporosis-related fractures, (iii) fracture/implant infection issues, (iv) maxillofacial 
reconstruction with augmentation material. Therefore, the need for novel technologies and 
methods that provide more feasible and efficient therapeutic biomaterial options is apparent. 
The predicted significant increase of those pathologies and the deficiencies in the 
current orthopaedic solutions reinforces the need for novel technologies and methods to 
provide more feasible and efficient therapeutic biomaterial options. According to those 
necessities, new biomaterials for the design of structures in tissue engineering are currently 
under development. Those new biomaterials aim at improved strength, low Young´s modulus, 
and a correct load distribution fixation capacity. Furthermore, cell/drug delivery systems 
should be implemented to guide bone repair, to release the adequate dose of osteoinductive 
signals and to supply or attract cells capable of responding to these signals and differentiating 
into osteogenic cells. 
1.2 Concepts of metallic biomaterials 
1.2.1 Permanent metallic biomaterials 
The necessity of long bone fracture fixation is the origin of the use of metals as 
biomaterials in the 19th century [7]. Since then, metallic materials have predominated in 
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temporary (implant has to be removed: e.g. bone plates, pins and screws) and permanent (the 
implant is intended to stay in the body: e.g. total joint replacements, tooth roots and fillings) 
bone replacements [8]. New applications, such as vascular stents [9] shows an increase in 
the application of metals as biomaterials. Besides a large number of metals and alloys 
generally produced in industry, only a few are classified as biocompatible and can serve as 
an implant material for a long/temporal necessity. Current metallic biomaterial systems and its 
applications are mainly stainless steels (e.g. temporary devices and total hip replacements), 
and titanium-based alloys (e.g. specific parts of hip replacements or nails). However, other 
metals like cobalt-based alloys (e.g. used for total joint replacements and dentistry castings) 
and NiTi alloys ( e.g. vascular stents, intracranial aneurysm clips, and dental arch-wires) are 
nowadays applied. Those traditional permanent metallic materials present some 
disadvantages like stress shielding inducing re-fracture, and in many cases, a second surgery 
will be necessary to remove the implanted device to avoid adverse effects [10]. In the case of 
young patients, the necessity of implant removal is even more crucial to allow developmental 
bone growth [11]. 
1.2.2 Degradable biomaterials  
In contrast to the traditional corrosion/degradation resistant materials, the concept of a 
degradable or absorbable biomaterial emerged aiming a controlled degradation at the in vivo 
environment eliminating the need for a second surgery to remove the implant [12]. This aim 
requires that the mechanical requirements of the material must remain intact or at least 
sufficient during the regeneration time of the tissue. According to that, Figure 1 describes the 
needs regarding the degradation time the total resorption time of the biomaterial, for 
orthopaedic and vascular applications. 
 
Figure 1: Schematic diagrams that present the mechanical requirements for (left) a degradable metallic stent during 
the vascular healing process, and (right) a degradable implant during the bone healing process (with permission 
by Elsevier [13]). 
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Novel materials like degradable polymers have increasingly taken on great importance 
in low-load bearing fracture sites [14,15]. However, an insufficient mechanical strength or 
brittleness, long-term inflammatory responses of degradation derived products, and a non-
optimal osteoinductivity during the degradation process, have limited the application of current 
biodegradable polymers. On the other side, certain ceramics with excellent biocompatibility, 
bioactivity, with a degradation resistant composition, make them good candidates for bone 
repairing biomaterials. However, the poor fracture toughness, brittleness and stiffness of those 
materials limit their application [16]. 
Concerning the disadvantages of degradable polymers and ceramics mentioned 
above, degradable metals are advantageous due to their mechanical and biocompatibility 
properties for bone fixation. After completing the mechanical support mission of the implant, 
the aim of a total dissolution requires that the principal component(s) should be an essential 
element that can be metabolised by the human body [17]. Among minority systems (e.g. 
tungsten [18,19], Ca-based [20,21] and Sr-based bulk metallic glasses (BMGs) [22]), current 
research efforts on biodegradable metals include iron-based [23], zinc-based [24–26], and 
magnesium-based, the latter being the leading-edge of those biodegradable metals [27].  
1.2.3 Degradable magnesium-based biomaterials 
Magnesium-based degradable biomaterials are promising in the field of bone 
remodelling, thanks to the following characteristics: 
i) The physiological environment degrades Magnesium-based materials. 
ii) Magnesium alloys densities (1.7 – 2.0 g/cm3) are close to the cortical bone density 
values (see Table 2). 
iii) Magnesium-based materials have mechanical properties similar to those of natural 
bone (see Table 2) reducing the problem of stress shielding re-fractures. 
iv) The fact that magnesium is the fourth most abundant cation in the human body makes 
magnesium an essential element that is tolerable in significant amounts in the human 
body without adverse reactions [28]. Besides, half of the physiological Mg is stored in 
the bone tissue [29], and it is an essential element involved in numerous metabolic 
reactions. This fact leads to a physiological absorption and metabolisation of 
magnesium-based materials degradation products. 
v) Magnesium-based materials have been reported to stimulate new bone formation 
showing positive osteoconductivity [30]. 
Despite the many advantages of magnesium as a degradable biomaterial, many 
factors are hampering its broader use. First of all, there is an unmatched strength for 
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implantation sites with load-bearing requirements, like for critical bone defects (CBD). Table 2 
shows with typical UTS values around 45 MPa when cortical bone reaches values as high as 
283 MPa. In the second place, magnesium-based materials have too high (initial) degradation 
rate associated with a high hydrogen release that can lead to gas accumulation, disturbing the 
bone-implant connectivity [31]. 
Table 2: Mechanical properties of different materials suitable for bone remodelling implants. 
Tissue UTS (MPa) E (Gpa) Density (g/cm3) 
Human cortical bone [32] 35 - 283 5 - 23 1.8 - 2.0 
Human cancellous bone [16] 1.5 - 38 10 – 1570 (MPa) 1.0 – 1.4 
Ti alloys 
CP-Ti (Grade 4) 550 [33] 103-107 [34] 4.5  [35] 
Ti6Al4V (as cast) [32] 830 - 1025 114 4.43 
Ti6Al4V (wrought) [32] 896 - 1172 114 4.43 
Ti6Al7Nb [36] 900 - 1050 114 4.51 
Iron alloys 
Stainless steel 316L [32] 480 -620 193 8.0 
Pure Iron (electroformed) 160 - 435 211 7.86 
Mg alloys 
Pure Mg 90 44 1.74 
AZ91E 165 - 457 45 1.81 
WE43 250 - 277 44 - 46 1.84 
Mg-10Gd 69.1 – 85.4 - 1.88 
Mg-6Zn 277 - 281 42.3 1.84 
Mg-1Ca 75 - 240 -  1.73 
Polymers 
Polyglocolide (PGA) [16] 55 - 80 5 - 7 1.5 – 1.707 [36] 
Polylactide (PLA)- D,L [16] 90 -103 1.9 - 
Poly-L-Lactide (PLLA) [16] 45 - 70 2.7 - 
Polycaprolatcone (PCL) [16] 10 -35 0.4 – 0.6 - 
Chitosan 35 - 75 2 - 18 - 
Collagen 50 - 150 0.002 - 5 - 
Ceramics 
Hydroxiapatite [16] 40 -200 80 - 110 - 
Tri-calcium phosphate (TCP) - - - 
DCP brushite 15 - 25 40 - 55 - 
DCP monetite 10 - 15 22 - 35 - 
* UTS: Ultimate tensile strength, E: Young´s modulus. 
Finally, yet importantly, the degradation mechanisms especially under the complexity 
of physiological conditions, the effect of released ions (e.g. Mg2+ and alloying elements) in the 
tissue healing process (e.g. remodelling process) and their possible physiological 
accumulation [37] are not well understood. Nonetheless, using high purity magnesium and the 
recent advances in alloying and material processing tailoring the microstructures, give the 
possibility to tune adequate corrosion rates and mechanical properties matching the different 
implantation sites necessities. For these reasons, magnesium implants, like Magmaris® stents 
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(BIOTRONIK), MAGNEZIX® screws and pins (Syntellix AG) or Resomet® screws and wires 
(U&i Corporation), have been recently introduced in the market [36,38]. 
1.3 Magnesium degradation: an interface phenomenon 
Although some magnesium-based implants are already used clinically, the chemical 
environment and the degradation mechanisms under physiological conditions are only 
sparsely understood. As mentioned before, the promising application of polymer-based 
resorbable implants has been limited due to the adverse reactions of such materials in the 
body, including a not optimal osteoinductivity [16,39]. Furthermore, the importance of 
understanding the degradation mechanism under relevant environments was also identified 
as necessary for other biodegradable metals like zinc [40] and iron [41], in order to translate 
in vitro degradation tests into in vivo performance of the material. Therefore, apart from the 
necessity of tailoring appropriate mechanical properties, and obtaining the same or 
proportional accelerated in vitro degradation rate compared to in vivo conditions, the study of 
the degradation mechanisms involving magnesium-based materials and the development of 
reliable investigation methods are essential for the development of those implant materials. 
On the other side, the complexity of an implantation site environment and the difficulty 
of monitoring the in vivo degradation process, despite few current early works [42,43], hinders 
the possibility of direct laboratory mimicking of the in vivo conditions [44,45]. Therefore, there 
is a significant interest in identifying [46,47] and correlating [48–51] differences between the 
in vitro and in vivo degradation testing results [52,53]. Moreover, the study of the local 
processes at the Mg interface under physiological conditions by in vitro studies became a 
valuable tool to reconstruct the overall physiological process. 
According to the above, the present section aims to describe how the surface 
environment influences the Mg dissolution and the formation of the degradation products layer. 
For this purpose, it is necessary to review how the electrochemical processes, the degradation 
environment composition, the degradation products layer composition and morphology, the 
pH, and the in vitro testing set-up can affect the alloy degradation rate. The understanding of 
those individual and synergic effects at the local surface environment is crucial to progress in 
the establishment of a general mechanism. 
1.3.1 Electrochemical processes of Mg corrosion 
The capability of magnesium alloys to work as a biodegradable implant resides upon 
its weak corrosion resistance in the neutral-acidic aqueous environment. The highly negative 
standard electrode potential of Mg (E°SHE = -2.37 V) shows the high tendency to the dissolution 
of the metallic atoms (Mg0) into the aqueous media (Mg2+). This thermodynamic tendency to 




Figure 2: Schematic diagram that presents the electrochemical processes at the Mg surface under immersion in 
aqueous media and the electrochemical potential developed above the surface. In the anodic area, the oxidation 
of the metallic atoms takes place while in the cathodic area where the semi-cathodic reaction take place consumes 
the electrons produced in the anodic area. The resulting negatively charged surface develops the electrical double 
layer, and an electric potential difference so-called Galvani or inner potential difference (Δ) is developed across 
the double layer. [IHP: inner Helmholtz plane or compact layer, OHP: outer Helmholtz plane, 𝛷𝑀 Galvani potential 
at the metallic surface, 𝛷𝑆: Galvani potential at the bulk solution, dl: diffusion layer] 
The positive charge of dissolved Mg2+ atoms in the solution leaves an accumulation of 
negative charge on the metal surface. Due to the separation of charges, a “capacitor” situation 
is generated, promoting the arrangement of the ionic species in the solution adjacent to the 
metal surface named electrochemical double layer. This structure, depicted in Figure 2, is 
defined in the literature [54,55] as follows; i) the negatively or positively charged surface, ii) a 
compact layer of solvent molecules and specifically or contact adsorbed ions with no hydration 
shell that remove the hydration layer covering the metallic surface that partially compensates 
the surface charge and which its locus of centres define the Inner Helmholtz Plane (IHP), iii) 
and a not specifically adsorbed layer of solvated ions by long-range electrostatic forces which 
their locus of centres conform the Outer Helmholtz Plane (OHP). Due to the thermal agitation 
in the solution, the non-specifically adsorbed ions are distributed in a diffuse region between 
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the OHP and the bulk until the bulk solution that is called diffusive layer (dl). This diffusive 
layer balance completely the charge on the metal surface defining a drop of the electric 
potential (so-called Galvani potential or inner potential) along with the nearby surface solution 
which can be described by the theory of Gouy Chapman [55], as is depicted by the red line in 
Figure 2. The extension of this diffusive layer decisively depends on the ionic strength (I). The 
thickness of the diffusion layer decreases with an increase in the number of charge carriers. 
Moreover, in the case of a concentrated solution, the diffusion layer can be eliminated. For 
solutions of around 10-2 M, the thickness of this double layer is estimated to be less than 100 
Å (0.01 µm). The composition of the double layer and the electric potential gradient change 
during the formation of the degradation products layer. Those changes influence the kinetics 
of the surface processes and therefore the metallic dissolution kinetics, since the ion transport 
across the metal-degradation product layer, the degradation product layer-electrolyte interface 
and the degradation products layer is governed by the electric potential drop along with those 
areas [55]. 
The electrochemical behaviour of magnesium alloys is believed to be similar to pure 
magnesium [56,57], therefore ruled by the same cathodic and anodic reactions presented in 
𝑒𝑞. 2– 4. Despite that, the influence of alloying elements on the electrochemical process cannot 
be excluded, as numerous electrochemical tests presented significant changes on the 
corrosion rate (icor) for different alloy composition [58,59]. Due to the high electronegative 
potential of magnesium, almost any other phase present in the microstructure (secondary 
phases, segregated areas, impurities, or noble inclusions) will behave nobler than the α-Mg 
matrix accelerating the dissolution. Traditional strategies for the improvement of mechanical 
properties were revealed to improve the degradation rate of the alloy. Those processes 
improve the homogenous distribution of the potential active cathodic nucleus and therefore 
generating a lower and more homogeneous degradation [56]. Some of those strategies are 
the alloy design [60,61], extrusion [62–64], High-Pressure-Torsion (HPT) [65,66], or Equal 
Channel Angular Pressing (ECAP) [67,68]. 
Moreover, the metallic dissolution in an aqueous solution is dependent not only on the 
electrode potential but also on the acidity/basicity level of the solution [69]. The thermodynamic 
prediction of metallic corrosion was illustrated by Marcel Pourbaix (1966) in the form of 
potential-pH diagrams, as shown for magnesium–water system depicted in Figure 3. The 
corrosion of metallic magnesium may occur in the potential-pH regions where hydrated Mg2+ 
ions are stable, and no corrosion occurs in the highly negative electrode potential regions 
where metallic magnesium is thermodynamically stable. In the regions where magnesium 
hydroxide is stable (pH > 10) a decrease in the corrosion rate is expected due to the slightly 
soluble MgO/Mg(OH)2 bilayer formed on the surface [59]. As illustrated in Figure 3, the 
physiological environment places magnesium materials in a non-protective area of the E-pH 
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diagram. However, the reduction reaction of water (𝑒𝑞. 3) produces an alkalinisation process 
that cannot be compensated by the hydrolysis of Mg2+ due to its low pKhyd [70]. Therefore, the 
alkalinisation process changes the behaviour of magnesium alloys by stabilising the 
degradation products layer formed on the surface. 
 
Figure 3: Pourbaix diagram for magnesium immersed in aqueous media at 25 °C, where is presented the 
physiological pH (with permission by Springer [71]). 
However, the dissolution rate obtained determined by a corrosion potential (Ecor) and 
a corrosion current (icor), depends on kinetic factors coming from the surrounding environment 
affecting both the oxidation and the reduction semireactions. Those factors are, for example, 
the microstructure of the alloy, the presence of impurities or secondary phases, and the 
degradation products layer formed on Mg surface. The influence of the environmental factors 
in magnesium electrochemistry is evidenced when the magnesium standard reduction 
potential (-2.37 VSHE) is compared to the measured corrosion potential (Ecorr) with values 
between -1.7 and -1.4 VSHE for magnesium alloys under immersion in dilute NaCl solutions 
[72,73]. 
The variability in the magnesium degradation performance found for different corrosive 
solutions is attributed to the different composition and morphology of the degradation products 
layer formed on the magnesium surface. Such differences in layer composition are derived 
from the composition of the corrosive solution and the alloy. The fact that the Ecorr is shifted to 
nobler values and the current densities decrease by increasing the pH of the solution [72,74] 
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points to the significant effect of the pH on the stability of the degradation products layer with 
protective effects. 
In the presence of moisture or under immersion in simple aqueous environments at 
room temperature, the natural and not entirely covering cubic MgO halite film [58] formed on 
magnesium surface, is transformed via hydroxylation into a MgO/Mg(OH)2 bilayer structure 
[59,75], as shows 𝑒𝑞. 1. This bilayer structure is a diffuse mixed oxide/hydroxide film defined 
by a thin-dense MgO-rich inner-layer and a thick-porous Mg(OH)2-rich outer layer. The change 
in the compactness from a dense inner to a porous layer is a consequence of a volume change 
in the crystal structure from the transition from Mg-O to Mg-OH bonds and the continuous 
dissolution-precipitation process of the bilayer [76]. 
𝑀𝑔𝑂(𝑠𝑢𝑟𝑓𝑎𝑐𝑒) + 𝐻2𝑂 → 𝑀𝑔(𝑂𝐻)2 (𝑠𝑢𝑟𝑓𝑎𝑐𝑒)  (𝑒𝑞. 1) 
This bilayer structure is not fully-protective under neutral and acidic aqueous solutions 
due to the dependency of brucite dissolution on the pH shown in previous works [77]. This 
lead to a not fully-passivated surface that cannot prevent the contact between the metal and 
the degradation solution; therefore, cannot stop the degradation process from continuing. The 
oxidation process (𝑒𝑞. 2) where the metallic magnesium (Mg) is transformed to ionic 
magnesium (Mg2+) in solution is accompanied with at least one reduction reaction which will 
consume the electrons produced in the anodic reaction. Due to the low magnesium corrosion 
potential [72], the primary reduction reaction on Mg under neutral and alkaline environments 
is the water reduction reaction (𝑒𝑞. 3). 
𝑀𝑔 → 𝑀𝑔2+ + 2𝑒−  (𝑒𝑞. 2) 
2𝐻2𝑂 + 2𝑒
− → 𝐻2 + 2𝑂𝐻
−  (𝑒𝑞. 3) 
Contrary to what is traditionally stated for magnesium corrosion mechanism under 
aqueous media, recent works have shown that the reduction of dissolved oxygen takes place 
as a secondary reduction reaction (𝑒𝑞. 4). This reduction reaction takes place on the noble 
alloy impurities particles (e.g. Fe, Cu, Ni and Zn) present in the Mg matrix, segregated on the 
grain boundaries, and also coming from the corrosive solution [59,70,78,79]. However, other 
electrochemically active features at the surface like noble secondary phases can generate the 
oxygen reduction reaction. The importance of the O2 reduction reaction in the kinetics of 
magnesium corrosion has to be weighed depending on the corrosive environment [80]. 
Accordingly, the low partial pressure of oxygen of specific human physiological implantation 
sites (e.g. bone) predicts a decrease in the rate of in vivo degradation compared to the normal 
aerated conditions of in vitro testing [81]. 
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𝑂2 +2𝐻2𝑂 + 4𝑒
− → 4𝑂𝐻−  (𝑒𝑞. 4) 
Therefore, the magnesium degradation process under simple deaerated aqueous 
media leads to the overall reaction presented in 𝑒𝑞. 5. 
𝑀𝑔 + 2𝐻2𝑂 → 𝑀𝑔(𝑂𝐻)2 + 𝐻2  (𝑒𝑞. 5) 
Therefore, under a simple aqueous solution magnesium dissolution kinetics is 
modulated by the existence of the not fully-protective MgO/Mg(OH)2 film, and the presence of 
impurities, secondary phases or noble inclusions (present in any magnesium alloy), that 
provide efficient cathodic areas that accelerate the corrosion rate [82]. 
1.3.2 Influence of the physiological environment on Mg degradation 
Traditional Pourbaix diagrams, like the one in Figure 3, observe the corrosion process 
in the presence of pure water containing no solutes and a specific Mg2+ concentration. 
However, the presence of other ions (e.g., chlorine, sulfates, carbonates, and phosphates), 
will significantly affect the structures of the immunity, passivation, and corrosion areas of an 
E-pH diagram [44]. Under those more complex compositions, the alkalinisation process does 
not only stabilise the Mg(OH)2, resulting in the precipitation of other insoluble salts that 
contribute to the degradation products layer formation, e.g. CaCO3 that was found to protect 
cathodically immersed steel [83]. 
According to that, the composition of the physiological environment provides a greater 
complexity on the degradation mechanism of magnesium-based materials compared with the 
conventional simple in vitro corrosive solutions (e.g., 3.5% NaCl). The corrosive physiological 
fluid can be defined as an aqueous solution containing inorganic electrolytes (e.g., Na+, K+, 
Ca2+, Mg2+ Cl-, HCO3-, HPO42-), organic substances of low-molecular-weight (e.g., glucose, 
amino acids) as well as organic polymeric structures (e.g., proteins), and gases dissolved (e.g. 
CO2, O2). All those components, in addition to the pH (pH 7.4), are well balanced by the 
complex physiological homeostasis. Moreover, the physiological environment of the bone can 
provide a mechanical solicitation that in combination with the aggressive chemical 
environment can generate an acceleration of the degradation rate by, e.g. stress corrosion 
cracking, fatigue corrosion [84–88]. 
 Influence of the Inorganic fraction of physiological fluids on Mg degradation 
It has been reported that magnesium corrosion rate depends significantly on the 
degradation solution applied on in vitro testing. Previous studies on the influence of the 
inorganic components under simulated physiological conditions showed significant differences 
in degradation rate and the degradation products layer composition/morphology compared 
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with the ones obtained under more simple solutions. The following ions are included in 
different proportions depending on the physiological fluid compartment: Na+, K+, Cl-, Ca2+, 
Mg2+, HPO42-, HCO3-, SO4-. 
When magnesium is immersed in the presence of Cl- anions, the dissolution process 
is accelerated by the reaction of those anions with the MgO/Mg(OH)2 film generating more 
soluble compounds. Besides that, as exposed by Williams et al. [89], the solubility of Mg(OH)2 
varies with the chloride ion in the range of 100 and 1000 mM accordingly 𝑒𝑞. 6, the mechanism 
by which passive films are disrupted by Cl- anions is a long-standing issue in corrosion 
science. 
𝐾𝑠𝑝 = 𝐾𝑠𝑝
1 + 4.8 × 10−11 log
10
[𝐶𝑙−] (𝑒𝑞. 6) 
The commonly addressed mechanism involving the formation of soluble MgCl2 [90,91] 
seems not to be justified by the thermodynamic of the reaction between the Mg(OH)2 and the 
Cl- anion. Alternatively, the role of the detrimental effect of Cl- anion on the film breakdown 
has been attributed to the formation of slightly water-soluble hydrated magnesium hydroxy 
chloride complexes with the general composition MgkCll(OH)m·nH2O [89]. The low-
temperature stable phases are the crystalline needlelike 3-1-8 phase or Mg2Cl(OH)3·4H2O and 
the 5-1-8 phase or Mg3Cl(OH)5·8H2O [92]. Their solubility was estimated to be lower than the 
Mg(OH)2, according to Mazuranic et al. [93] as is presented in Table 3. 
Table 3: Approximate solubility products calculations of the 3-1-8 and 5-1-8 magnesium hydroxy chloride 
complexes, and Mg(OH)2 at variable ionic strengths (I) [93]. Kw: water autoionization constant, Ksp: solubility 





- log Kw 
(interpolated) 
- log Ksp 
3-1-8 
  Log (Ksp·Kw-3)   
6.12 13.02 20.55 Unknown  
6.15 12.12 20.53 Unknown  
6.20 10.44 20.46 Unknown  
6.30 10.41 20.76 Unknown  
6.40 6.37 20.44 Unknown  
5-1-8 
  Log (Ksp·Kw-5)   
7.60 5.91 39.41 15.06 35.89 
7.62 5.70 39.46 14.98 35.44 
7.70 5.54 39.78 14.94 34.92 
   Log (Ksp·Kw-2)   
Mg(OH)2 
8.40 5.08 17.00 14.78 12.56 
8.50 4.92 17.19 14.72 12.25 
8.50 4.18 17.13 14.50 11.87 
8.70 3.15 17.30 14.22 11.14 
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The results provided by Taltavull et al. [94] on magnesium degradation, support the 
negative influence of the Cl- anions but also revealed a dependency of the detrimental effect 
on the alloy composition and microstructure due to a relation with the galvanic effect between 
secondary particles and α-Mg matrix. According to Kirkland and Birbilis [71], the higher content 
of Cl- anions on typical SBF solutions compared with human plasma or interstitial fluids, can 
be one of the reasons that accelerate the in vitro degradation of magnesium-based materials 
compared with the in vivo conditions. However, the difference on the degradation rate caused 
by an increase on Cl- anions of about a 40% (from 102.5 to 144.4 mM) is almost non-existent 
when simulated physiological conditions are applied (composition and buffering system). This 
fact was justified by Xin et al. [95] with an extra compact degradation product layer generated 
by the presence of Ca, Mg-phosphates that hinder the contact between the Cl- anions and the 
metallic surface and that possibly do not react with the Cl- anions. 
Previous works [95–97] stated that magnesium corrosion is accelerated in the 
presence of SO4- ions, showing a lesser trend to pitting but promoting greater mass loss by a 
general degradation process. However, Agha et al. [48] showed this effect with SO4- 
concentrations increased up to the physiological range (200 mg/L), but no influence was 
observed when Ca2+, HCO3- and HPO42- ions were present. 
The degradation of pure magnesium in sulfate/carbonate solutions with HCO3- 
concentrations between 0.7 and 7 mM was studied by Baril et al. [96], concluding that under 
those conditions the HCO3- ions increase the rate dissolution fo the MgO/Mg(OH)2 film by 
forming soluble salts, in accordance with Gulbrandsen [98]. On the contrary, according to Li 
et al. [99], the presence of carbonates in SBF with the presence of Ca2+ and Mg2+ ions showed 
an increase of a passivation effect until reach a concentration of 27 mM and an increase in 
the degradation rate when this concentration is exceeded. The passivation effect in the 
presence of HCO3- was justified by a more protective degradation products layer when the 
HCO3- stays bellow 27mM. On the other hand, when an increase in HCO3- concentration is 
not accompanied also by an increase of cations like Ca2+ the increase of degradation rate was 
justified by the ionisation of the bicarbonates that promotes acidification and therefore delaying 
the alkalinisation process that promotes the saturation of Mg(OH)2. That increment in the 
degradation rate was later confirmed by Agha et al. [48] for HP-Mg immersed in HBSS when 
the concentration of HCO3- ions was increased from 22 to 44 mM. The different effect of HCO3- 
ions presented in previous works lies in the importance of the cations present in solution, 
pointing to the higher importance of Ca2+ cations concerning degradation protection compared 
with the Mg2+ ions. At the same time, Li et al. [99] showed how important is the stability of the 
degradation solution composition and pH during the degradation test. According to that, due 
to the perfect physiological balance between the cations, anions, and pH, the stability of the 
degradation solution is essential when in vivo degradation predictions are attempted. On the 
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other hand, Li et al. [99] omitted the possible influence that other ions present in SBF (e.g. 
Mg2+ or HPO42-) may have in the degradation products layer and therefore, in their protective 
effect. 
The contribution of magnesium phosphates and magnesium carbonates to the 
passivation of magnesium surface has been previously studied. A systematic electrochemical 
study, performed on AZ91 by Xin et al. [95], revealed the synergic protective effect of HPO42- 
and HCO3- in the presence of Cl- and SO42- ions. The author identified a robust protective 
effect of magnesium phosphate precipitated on the surface. When HCO3- are included, an 
initial increase of the degradation is promoted due to its buffer effect. However, as the 
alkalinisation process continues, the precipitation of magnesium carbonate adds its protective 
effect decreasing, even more, the degradation rate compared with the only addition of HPO42- 
ions, and suppress localised pitting corrosion. In accordance to the previously presented 
protective effect of the HPO42- ions, Williams et al. [100] proposed that HPO42- ions are 
converted into PO43- ions on the high alkaline cathodic zones, and together with the Mg2+ ions 
migrated from the anodic zones promote precipitation of magnesium phosphate that hinder 
the electron transfer to the cathodic surface area and therefore the cathodic reaction. In 
addition, Williams et al. [100] point to the ineffective effect of HPO42- ions under high alkaline 
solutions, due to a massive magnesium phosphate precipitation on the anodic zones that 
prevent enough migration of Mg2+ and  HPO42- ions to the cathodic zones. Once more, those 
studies point to the necessity of controlling the environmental pH in order to promote an 
effective precipitation process that possibly happens under in vivo conditions. 
Among all synergic influences of the inorganic fraction, the magnesium degradation in 
the presence of a physiological fluid generates a degradation products layer which significantly 
modulates the interaction between the magnesium surface and the corrosive solution and in 
turn the degradation rate. From the results presented in the mentioned works, the presence 
of Mg2+, Ca2+, HCO3- and HPO42- ions present a critical role in this protective effect. The 
presence of those compounds is ruled by the environment (concentration and pH) during the 
degradation process. Therefore, to understand and predict the behaviour of magnesium-
based materials under physiological conditions, it is crucial to define the correct physiological 
composition and control the pH during the degradation process. 
 Inorganic precipitation processes and degradation products layer formation 
According to mentioned above, the inorganic fraction of the degradation products layer 
(e.g. Mg(OH)2, Ca,Mg-carbonates/phosphates) modulate the intrinsic degradation rate of a 
specific alloy composition-microstructure. The presence of those components on the surface 




1. Solution supersaturation 
2. Nucleation 
3. Crystal growth 
The driving force of a heterogeneous precipitation reaction is the supersaturation 
condition. This thermodynamic condition defines a chemical reaction at which the reactants 
are much more soluble than the formed product. This condition is necessary but not sufficient 
for the precipitation process, due to the necessary, but difficult to evaluate under the complex 
physiological conditions, nucleation and crystal growth processes [101]. Anyhow, the 
thermodynamic driving force can be evaluated by the change of the Gibbs free energy (Δ𝐺) 
and its relationship with the constant of the dissolution/precipitation equilibrium, so-called 






(𝑎𝑞) (𝑒𝑞. 7) 
𝐾𝑝𝑠 =
𝑎𝐴−





𝑛 (𝑒𝑞. 8) 
Where 𝑎𝐴− and  𝑎𝐵+ are the ionic activities, or effective concentration, of the species 
𝐴𝑛− and 𝐵𝑚+ in the solution when it is saturated in the compound 𝐴𝑛𝐵𝑚(𝑠) for which ionic 
activity is equal to unity [102]. The relation between the Gibbs free energy change and the 𝐾𝑠𝑝 





 (𝑒𝑞. 9) 
Where ∆𝐺𝑅
°  is the Gibbs free energy change per mole of the reaction, 𝑅 is the ideal gas 
constant, and 𝑇 is the temperature in Kelvin. 
Therefore the saturation index (SI) is defined as a variable that quantifies the 













 (𝑒𝑞. 10) 
Where (𝑎𝐴−
𝑚 ∙ 𝑎𝐵+
𝑛)𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 or 𝐼𝐴𝑃 is the actual product of the free ion species in 
solution. 
Under a situation of a diluted solution, the ionic activity of the dissolved species can 
be approximated to its concentrations: 
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𝑎𝑖 = 𝛾𝑖 ∙ 𝐶𝑖  ;   𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠 →  𝛾𝑖 = 1 ; 𝑎𝑖 = 𝐶𝑖 (𝑒𝑞. 11) 
Here, 𝛾𝑖 is the activity coefficient, and Ci is the concentration of the dissolved component. 










 (𝑒𝑞. 12) 
𝐼𝐴𝑃 > 𝐾𝑠𝑝 (𝑆𝐼 > 0), 𝑙𝑒𝑎𝑑𝑠 𝑡𝑜 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 (𝑠𝑢𝑝𝑒𝑟𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛)  
𝐼𝐴𝑃 < 𝐾𝑠𝑝 (𝑆𝐼 < 0), 𝑙𝑒𝑎𝑑𝑠 𝑡𝑜 𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑢𝑛𝑑𝑒𝑟𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛) 
𝐼𝐴𝑃 = 𝐾𝑠𝑝 (𝑆𝐼 = 0), 𝑡ℎ𝑒 𝑠𝑜𝑙𝑖𝑑 𝑖𝑠 𝑖𝑛 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑) 
According to above, at the first moment of the immersion, the solution in contact with 
the magnesium material is in unsaturated conditions for the precipitation of the compounds 
that will form the degradation products layer, and no precipitate is formed. With the progress 
of magnesium dissolution, a significant amount of Mg2+ and OH- ions are released from the 
interface. Those changes in composition and the presence of other ions in the solution (e.g. 
HCO3-, HPO42-) change the ionic activities and local levels of supersaturation for certain 
chemical stoichiometries are generated. Thus, those stoichiometries are thermodynamically 
stable and therefore may be part of the degradation products layer. Moreover, the precipitation 
process itself modify the ionic concentration of the nearby surface aqueous environment due 
to the ion consumption and the pH change. Therefore, the driving force for the precipitation 
process is continuously modified during the degradation products layer formation. According 
to that, if the ionic composition of the bulk corrosive solution is not replaced, the degradation 
products layer composition will be affected during the degradation process and possibly its 
protective capacity. 
 pH influence on the formation of the degradation products layer 
The influence of the pH on a heterogeneous inorganic precipitation equilibrium is 
based on Le Chatelier’s principle [104]. As presented schematically in Figure 4, if the 
compound involved in the precipitation equilibrium has a basic anion, changes in the pH can 
shift the precipitation equilibrium by competing with a secondary acid-base equilibrium (Figure 
4, ii). Since this basic anions are present for all the relevant compounds found in the 
degradation products layer of magnesium-based materials under physiological conditions 
(e.g. OH-, CO32-, PO43-), the importance of the local pH in the degradation process is evident. 
As an example, the precipitation of DCPD or brushite (CaHPO4·2H2O), a possible precursor 
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of bioapatite formation, should involve the release of protons lowering the pH value in the 
vicinity and eventually in the surrounding solution [105]. 
 
Figure 4: Scheme of (i) heterogeneous precipitation equilibriums for Mg(OH)2 and CaCO3, both often found in the 
degradation products layer (DPL) of magnesium-based materials under simulated physiological conditions, and (ii) 
its relationship with the pH of the degradation solution at the interface. 
In accordance to the above, In vitro experiments performed at different fixed pH [106] 
or the use of different buffer systems [49,74,107] has linked the degradation rate of different 
magnesium alloys to the pH at which the in vitro test was performed. Therefore, to control the 
pH inside the physiological pH range during the degradation process, it is crucial to simulate 
the in vivo performance of magnesium-based materials. However, as exposed by González 
et al. [44], different buffering systems currently used for in vitro testing has its chemistry and 
can interfere with the degradation mechanism. According to that, a controlled CO2 atmosphere 
in the presence of HCO3- (CO2/HCO3- buffering system) is the closest way to mimic the 
physiological pH regulation system, and its use is preferable to the use of HEPES, Tris, or 
PBS. 
 Influence of the organic fraction of physiological fluids and cell influence on Mg degradation 
The differences in the degradation process become more complicated with the addition 
of organic molecules and macromolecules in the simulated physiological fluids. Some of those 
complex organic influences have been studied on magnesium-based degradable biomaterials 
under in vitro conditions. 
According to previous works [108,109], the addition of glucose helps to dissolve the 
degradation products layer in simple saline solutions, while in more complex solutions 




The presence of free amino acids in Hank´s balanced salt solution (HBSS) evaluated 
by Hou et al. [110], was found to promote the surface protection possibly by adsorption on the 
surface and capture of Ca2+ and PO43- ions. Therefore, the higher concentration of Ca2+ and 
PO43- ions promotes higher supersaturation levels of CaPs phases and therefore promoting a 
higher content of those phases even in the inner part of the degradation products layer. This 
increased degradation resistance by amino acids addition was also observed for steel and 
aluminium [111,112]. 
Apart from contributing to the response of the biological environment to the implant 
material, proteins have an essential influence on the metallic biomaterials surface behaviour. 
Many studies were carried out to evaluate the influence of proteins in metallic biomaterials, 
including magnesium-based materials. However, the effect of proteins remain partially unclear 
due to the complex conformational changes of proteins in solution and the unclear 
understanding of the kinetics and thermodynamics ruling the protein adhesion process [113]. 
However, the initial development of the double electric layer and the established Galvi 
potential difference along the diffusion layer is modified by the adsorption of lower molecular 
weight solutes (e.g., amino acids, or glucose), as exposed Andrade et al. [114]. Therefore, the 
adsorption between proteins and the metallic surface can be justified due to the electrostatic 
interaction between the negatively charged proteins at the physiological pH of 7.4 (e.g., 
Fibrinogen) [115], and the metallic surface through divalent cations as Ca2+ or Mg2+ as bridging 
agents [116]. This bounding could be established by direct interaction via positively charged 
domains like the ones present in the human plasma fibronectin [114], or by van der Waals and 
hydrophobic interactions [117]. However, is also controlled by other properties of the substrate 
and the medium like the roughness, pH, hydrophobicity, and reactivity of the surface [113]. 
Contradictory results are found in the scientific literature about the protein effect on 
magnesium degradation. Several authors proposed that the absorption of the proteins into the 
magnesium surface contribute to generating a denser and more protective degradation 
products layer delaying the dissolution of the alloy [116,118]. This protein layer was also 
associated with enrichment in CaPs in the degradation products layer observed both in vitro 
and in vivo situations [32,110,115]. Apart of promoting the CaPs layer, the protective character 
of the presence of the protein layer might be related to a disturbing development of the local 
pH due to the restricted mass transfer between the metallic surface and the bulk degradation 
solution [119]. This beneficial effect of proteins was also found for Ti alloy immersed in PBS 
[120]. The effect was attributed to the capability of the proteins to restrict the metal dissolution 
by the formation of metal/protein/hydroxide complex surface layer and the capability to prevent 
harmful effects of the pH change on the degradation products layer. However, the presence 
of proteins in solution can also delay the crystal growth of the CaPs due to the capacity of the 
proteins to complex the Ca ions as was exposed by Höhn et al. [113]. 
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On the other hand, some authors presented a detrimental effect of protein addition that 
was explained by differences in the experimental design including differences in the buffering 
system, the degradation media exchange, or the protein concentration [121]. Furthermore, the 
protein effect was found to be concentration-dependent when magnesium was 
electrochemically tested in the presence of NaCl solutions at different concentrations of bovine 
serum albumin (BSA) [122]. This concentration dependence was also found for steel together 
with a possible protein-blocking-effect of the cathodic areas presented in iron when those 
materials were immersed in PBS (Phosphate buffered saline) solution in the presence of 
different proteins [123]. Besides, a time dependency was also found for the degradation effect 
of proteins, and possibly amino acids. An initial faster absorption process promotes the 
protective the protein contribution to the protective layer. With increasing immersion time, the 
chelation effect of Mg2+ and other ions becomes more significant than the adsorption 
processes increasing the degradation rate of magnesium [109,124,125]. Therefore, leading to 
higher values of osmolality in the degradation solution, especially when a mixture of free amino 
acids and proteins is present [110]. 
The in vivo condition implies the presence of cells in direct and indirect contact with 
the implant material. Therefore, one step forward on simulating a physiological degradation 
environment is to perform magnesium degradation in vitro tests in the presence of relevant 
cells and study the interaction with the implant material. Most of the studies involving cells on 
magnesium degradable biomaterials are focussed on the influence of the material on the cells, 
including cell adherence, cell activity and cytotoxicity [126–132]. Even though the cells in direct 
contact might influence the material degradation performance, only few studies have analysed 
this direct interaction due to the high complexity of the necessary testing set-up and the 
complexity of analysing the local processes involving such interactions. The results of the 
influence of L929 cells on the degradation of Mg-Ca system provided by Kannan et al. [133], 
suggested that the lactic acid released by the cell metabolic activity can decrease the pH at 
the interface promoting the destabilisation of the semi-protective degradation products layer 
and therefore increasing the degradation rate. Agha et al. [134] studied the compositional 
analysis in the cross-sections of the degradation products layer performed by FIB (Focused 
Ion Beam) milling of different magnesium materials after immersion under cell culture 
conditions in the presence and absence of human osteoblast and L929 mouse fibroblast. The 
authors postulated that the presence of osteoblast could alter the magnesium surface actively 
by; i) an acidification process due to the cell metabolic activity exposed by Kannan et al. [133], 
ii) generating an extra protective effect due to the intrinsic biomineralisation process (Ca and 
P enrichment of the degradation products layer), that was found near the cells instead of right 
underneath the attached osteoblasts, but also iii) in a pasive way hindering the interaction 
between the material and the degradation solution. 
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According to what is described in this section, due to the complexity of its composition, 
the influence of the physiological organic fraction and the influence of cell presence in 
magnesium degradation still needs to be clarified. The controversy on the protein effect is a 
consequence of the complex physico-chemical properties of proteins and the complex and 
continuously changing surrounding environment. The type of protein and the domains charge, 
the metallic surface chemistry, the roughness, the temperature, the pH and the interaction 
between protein molecules and other ions present in the degradation [135,136], can modify 
the adsorption or chelation kinetics of the proteins added [137]. However, besides the extra 
protection that the adsorption of proteins can promote during Mg degradation, Hou et al. [115] 
have recently exposed that this protective effect might be less relevant compared to the single 
effect promoted by the inorganic electrolyte composition. Nevertheless, the effect of the 
organic fraction of physiological fluids on the activity of Ca2+ and PO43- ions and the effect of 
relevant cells like human osteoblast on contribution to the biomineralisation process at the 
metallic surface, highlight the crucial role of the inorganic fraction and justify the need of 
knowing the environmental conditions ruling the inorganic fraction of the degradation products 
layer. 
 In vitro testing set-up and hydrodynamic conditions on Mg degradation 
The electrochemical processes of magnesium degradation under aqueous conditions 
require the movement of electrons at the interface and the movement of ions and other species 
between the metallic surface and the bulk environment of the corrosive solution. Therefore, 
the degradation process can also be rate-limited by the mass transfer phenomena between 
the solution at the surface and the bulk solution when the rate of the electrochemical 
processes and the degradation products layer are much higher than the mass transfer [103]. 
Figure 5 shows the different associated phenomena that take place between the surface and 
the bulk corrosive environment during magnesium dissolution and the formation of the 
degradation products layer. According to this, the degradation rate generated is determined 
by the contribution of the following steps: 
a. Electron transfer at the alloy surface observing the oxidation and reduction reactions. 
b. Adsorption-desorption reactions on the alloy surface. 
c. Mass transfer phenomenon through the degradation products layer and between the 
bulk solution and the solution near the surface. 
d. Chemical reactions preceding and following the electron transfer reaction, including 
heterogeneous precipitation and complexation processes. 
The formation of a semi-protective degradation products layer on Mg surface promotes 
a mass transfer rate-limiting process. Therefore, (d) the formation rate of the degradation 
products layer and (c) the mass transfer through the degradation products layer are 
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responsible for the fact that the electrode potential is modified until it reaches the icor and Ecor. 
This situation defines a concentration polarisation situation along with the degradation 
products layer. The corrosion potential reaches a value between the equilibrium potential of 
the anodic metal dissolution (oxidation) and the cathodic reaction (reduction) [69]. 
 
Figure 5: Scheme of the phenomena involved in the magnesium degradation process adapted from Bard and 
Faulkner [54]. (a) Electron transfer at the alloy/solution interface, (b) Adsorption-desorption reactions at the 
interface, (c) mass transfer processes between the surface and the bulk environment, (d) chemical reactions 
including precipitation and complexation processes following the electron transfer process. [DPL: degradation 
products layer, a.a: amino acids, (δ0): diffusion layer]. 
Relevant chemical reactions on the degradation products layer formation, depicted as 
(d) in Figure 5, comprise i) heterogeneous inorganic precipitation forming the degradation 
products layer, but also ii) complexation reactions between organic molecules like proteins or 
amino acids, which can promote thickening of the degradation products layer or promote the 
anodic dissolution by complexing Mg2+ ions. However, both effects kind will influence the ionic 
concentration and therefore, the degradation environment during the degradation process. 
The mass transfer phenomenon between a reactive surface and the bulk solution 
involves different driving forces, as explained by Bard [54] for an electrode. Those 
contributions to the mass transfer are generated by migration, diffusion and convection 
phenomena. Migration and diffusion processes are the main contributions to the mass transfer 
when a degradation process is performed under static conditions. Migration is the mass 
transfer generated on charged compounds under the influence of a gradient of an electrical 
potential, while the diffusion is the mass transfer generated by the movement of species under 
the influence of a gradient of chemical potential (e.g. concentration gradient). However, the 
highly reactive surface of magnesium-based materials involving precipitation reactions and 
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therefore promoting significant changes in the concentration of the solution near the surface, 
and generating hydrogen gas directly on the surface (𝑒𝑞. 3), probably result into a mass 
transfer closer to a natural convection situation. Under those static conditions, the mass 
transfer can be defined as a “still” bulk solution while a net flow is generated in the solution 
near the reacting surface with a zero flow is found right on the interface, as McFarlane [138] 
described. However, when a fluid is flowing over a flat surface, as a consequence of the 
viscous forces, the fluid in contact with the surface is in a stationary velocity and retards the 
adjacent fluid in the vertical direction. Subsequently, the next adjacent fluid layers are 
influenced until reaching the edge of a boundary where the velocity equals to the free stream 
velocity. Within this region, that exists even under very turbulent conditions, the fluid motion is 
described under laminar conditions, and the component of the fluid velocity normal to the 
surface is small in comparison with the parallel component that depends on the distance from 
the surface as depicted in blue in Figure 6. This region in the vicinity of an electrode was firstly 
approximated by Walther Nernst (1916) by assuming a layer with only migration and diffusion 
contributions to the mass transfer and thickness of δ𝑁 (see Figure 6), and total convection 
contribution after this diffusion layer. 
 
Figure 6: Solution velocity profiles (in blue) and concentration profile of a hypothetical product under a) laminar and 
b) turbulent flow conditions along a flat surface. δ0: diffusion layer, δN: approximation of the diffusion layer by Nernst, 
U0: fluid velocity in the bulk solution, Cb: product concentration in the bulk solution, Cs: product concentration at the 
interface. 
According to this situation, a concentration difference of products and reactants 
between the surface and the bulk solution is established for a reactive surface. As commented 
before, this simplified model does not describe the real concentration gradient formed in the 
normal direction to the surface, depicted in Figure 6 in red, and therefore the real diffusion 
layer thickness (δ0). Even when the diffusion contribution is the responsibility of the solution 
renewal at the surface (δ0), a progressive convection contribution inside the diffusion layer 
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and the tangential velocity component cannot be neglected for the mass transport [139]. It 
should be mentioned that the diffusion layer (δ0) depends on the diffusion coefficient (𝐷) as 
presented in 𝑒𝑞. 13 for static conditions and 𝑒𝑞. 14 for dynamic conditions under an ideal 
laminar flow over a vertical plane. Therefore, the same system will find different diffusion layers 


















 (𝑒𝑞. 14) 
Here 𝛼 is the density coefficient, 𝑔 is the acceleration due to gravity, 𝐵 is a constant 
estimated between 0.5 and 0.7, 𝜈 is the kinematic viscosity of the solvent, 𝐷 is the diffusion 
coefficient of the species, 𝑥 is the distance along the surface, 𝑈 is the relative fluid velocity, 
and Δ𝑐 is the difference of concentration between the surface and the bulk solution. 
Such concentration gradients generate two differentiated compositional environments 
between the solution in direct contact with the surface and the bulk solution. Therefore, the 
interface environment is the one ruling the degradation products layer formation, and changes 
on those concentration gradients in products and reactants are the reason for changes in the 
degradation products layer composition and morphology, and consequently on the 
degradation rate. Therefore, the progress on defining the local conditions is necessary to 
understand the chemical mechanisms involved. 
As is described later in section 1.4, there are be significant differences in the 
environment (fluid composition, content and exchange rate) found for different implantation 
sites. Those differences are believed to be one of the reasons for the different degradation 
rates found by µCT for different implant parts in contact with different tissues [140,141]. 
Therefore, this finding supports that the hydrodynamic conditions are factors influencing the 
degradation rate, and therefore, the mechanism involved in the process. 
Although those simple considerations about fluid hydrodynamics are useful to describe 
general influences in different in vitro set-ups, they cannot be applied to evaluate the 
hydrodynamic conditions and to quantify the mass transfer of a complex geometrical 
configuration like the ones typically applied for in vitro magnesium degradation set-ups. 
Therefore, the complex boundary limits and the concentration profiles generated by the 
different geometries considered in degradation testing must be analysed by localised 
measurement methods and computational fluid dynamic modelling. 
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1.3.3 State of the art in magnesium degradation set-ups  
A multitude of set-ups has been applied to the degradation of magnesium alloys [44]. 
However, those set-ups can be divided into two categories; set-ups under (i) static, and (ii) 
dynamic conditions. 
Under static conditions, the degradation test is performed in the same medium during 
the whole immersion time [50] or is entirely or partially replaced with fresh medium during the 
immersion process (semi-static) [118,142,143]. As described previously, the diffusion layer is 
relatively thick under static conditions. The mass transfer between the surface region and the 
bulk medium is mainly controlled by diffusion and by the natural convection generated due to 
the concentration gradient and the forced convection of the H2 evolution. Due to the high 
diffusion contribution and the limited solution volume applied, the mass transfer phenomenon 
might control the precipitation processes under static conditions. The available standards that 
researchers can follow [144,145] show notable differences in the volume per sample area 
(V/A) ratio proposed and support the necessity to standardise the in vitro set-up. Besides this, 
the ASTM corrosion evaluation recommendations for engineering materials [144] observe the 
importance of the solution V/A ratio and the immersion time to prevent possible distortions on 
the test conditions and therefore on the corrosion evaluation. Concerning degradable 
magnesium biomaterials, the V/A ratio seems to be even more relevant than for traditional 
corrosion-resistant engineering alloys. The high tendency of magnesium materials to degrade 
leads to significant changes in the environment due to the alkalinisation process and a high 
Mg2+ ions release (see 𝑒𝑞. 2 and 𝑒𝑞. 3). Previous authors tested the influence of the V/A ratio 
on magnesium degradation revealing an influence in the bulk pH developed [146] and the 
resultant in vitro degradation rate [71]. This phenomenon might be explained by the linked 
effect of the alkalinisation process and the prompted protective precipitation process that is 
stabilised at high pH. Despite this fact, an alloy subjected to the same buffer concentration by 
applying different V/A ratios leads to different pH evolutions. Moreover, a limit in the V/A ratio 
above which the corrosion rate is independent of the V/A ratio was previously identified [147]. 
This is due to the fact that the buffer capacity (β) depends not only on the buffer concentration 
but also on its volume [148]. Therefore, increasing the V/A ratio will lead simultaneously to an 
increase of β. The Mg(OH)2 brucite compound have been found as the main degradation 
component for magnesium in vitro tests under simple degradation solution compositions [149]. 
For more complex in vitro solution compositions and for in vivo conditions [150,151], brucite 
was found together with other compounds like MgCO3, CaCO3, Mg3(PO4)2, Ca5(PO4)3(OH) 
[48,132,142]. According to the previously described relationship between the pH and the 
solubility, higher pH values shift the heterogeneous equilibriums to the precipitation side and 
thus stabilising their presence in the degradation product layer. The pE - pH diagram shown 
in Figure 3, depicts this dependency regarding the Mg(OH)2 phase. The dependency of the 
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formation of phosphate-based phases on the pH is also shown in previous studies [152,153]. 
Therefore, when the buffer capacity of the degradation solution is not high enough to absorb 
the alkalinisation process, the saturation index (SI) of the products forming the degradation 
products layer compounds increases. This fact generates a more protective layer and the 
contact between the metallic surface, and the electrolyte is more restricted modulating the 
corrosion kinetics by a diffusion-controlled rate process through the degradation products 
layer. The implementation of the buffering system provided by cell culture conditions 
(CO2/HCO3-) and the application of the so-called semi-static methodology was applied by 
previous authors [98] to mimic the fluid exchange and the buffer capacity in the implantation 
site. Those modifications lead to more comparable results to the ones obtained under in vivo 
conditions due to less influence of the set-up methodology. However, it is necessary to take 
into account the differences in the dissolution kinetics of different Mg-based materials in order 
to face specific semi-static conditions. 
Dynamic conditions involve the immersion of the material at a constant or intermittent 
flow rate in a recirculating closed-loop or an open circulating set-up of the degradation solution 
[154]. The mass transfer between the surface region and the bulk solution is accelerated by 
an increase in the forced convective participation due to the applied flow, that results in a 
thinner diffusive limit layer (δ0), as depicted in Figure 6(b). Several previous works have shown 
the relevance of dynamic conditions in magnesium in vitro testing [155–159]. However, the 
influences of the dynamic conditions are not entirely understood, and therefore, the 
degradation mechanism of magnesium-based materials under dynamic conditions continues 
to be unclear. The different performance of magnesium-based materials under dynamic 
conditions compared to the static ones is currently attributed to (i) a higher V/A ratio and (ii) 
higher mass transfer phenomena. As discussed above, this leads to higher buffer capacity 
and lower possibilities for reaching saturation or depletion of relevant components, with what 
is possible a better mimic of the physiological homeostasis of the body fluid compositions. 
Under dynamic conditions, the degradation solution volume enclosed in the testing 
chamber/cell has much lower relevance than observed under static conditions, while the total 
volume circulated through the testing chamber and the possibility of the fresh recirculating 
medium, become more relevant. Due to the application of a flow rate, the testing chamber 
configures specific boundary conditions that define the mass transfer phenomena between 
the surface and the bulk solution. By reducing the diffusion layer thickness (δ0) and increasing 
the fluid velocity, the mass transfer is increased, and therefore, the kinetics of the 
electrochemical process are not limited, as was revealed by polarisation measurements in a 
rotatory disc electrode at different rotation speeds by Marco and Van der Biest [155]. 
According to that, experiments on dynamic testing point to the idea that the applying a 
specific flow rate is not enough to describe the hydrodynamic conditions surrounding the 
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sample, mainly when high flow speeds are generated over the material surface. Therefore it 
is necessary to evaluate the mass transfer and the mechanical effects on the sample surface, 
as was highlighted by previous authors [160–162]. Despite to the difficulty of evaluating the 
mass transfer in a complex geometry, the latest results indicate that the evaluation of the 
hydrodynamic pressure generated over the surface of the sample is a consequence of the 
flow applied, and the geometry of the set-up, and possibly can be correlated with the mass 
transfer generated between the surface and the bulk solution. To measure this hydrodynamic 
pressure, those authors have analysed the flow-Induced shear stress (FISS) generated by the 
fluid over the sample´s surface by computational fluid dynamic modelling. Their results 
suggest that an increase of the FISS increases the degradation rate when dynamic conditions 
are applied compared to static conditions at equal V/A ratio [158]. Moreover, the degradation 
products layer composition and the degradation morphology were also affected by those 
dynamic conditions, which might suggest that mass transfer also influences the kinetics of the 
precipitation processes that govern the degradation products layer formation. In contrast to 
the hydrodynamic conditions presented for the BEF, the high blood flow of blood vessels might 
have a significant impact on the FISS generated on a degradable metallic stent. The generated 
FISS, that is possibly increased with the presence of the stent itself, accelerate the overall 
degradation rate due to the increase of mass transfer, an enhanced capacity to maintain the 
pH around the physiological value, and mechanical forces generated on the surface [163]. 
1.4 Bone as implantation site 
As mentioned above, degradable magnesium implants are currently aimed for 
orthopaedic applications and angioplasty treatment of atherosclerosis processes. Those two 
implantation sites present a different environment which is supposed to affect the performance 
of a magnesium-based biomaterial differently. Furthermore, as commented before, 
differences in magnesium-based materials degradation rate were found by µ-CT volume loss 
analysis for different areas of the same implant when is in contact with different tissues like 
muscle, cortical bone and bone marrow cavity [140,141,164]. This fact, remarks the 
importance of not only the general implantation target (bone or artery environments) but also 
taking into account the different local environments of an implantation site. 
1.4.1 Bone as a tissue 
Bone is a specialised conjunctive tissue that can be defined as a porous composite 
material made up of cells, vessels, organic, and inorganic molecules. These organic and 
inorganic phases are configured in a hierarchical and complex architecture classified from the 
organ level to the nanostructured level as depicted in Figure 7. This organisation varies 
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according to the anatomical location and type of the bone. Bone is classified by two types of 
bone tissue: cortical and trabecular bone. 
Cortical bone, which comprises 80% of the skeleton, is a dense tissue that provides 
the mechanical strength and protection transmitting mechanical forces from the musculature. 
The cortical bone is organised in structural units called osteons. Osteons consists of 
concentric bone layers called lamellae, as schematised in Figure 7, which surround hollow 
channels containing small blood vessels called Haversian channels. Trabecular bone tissue, 
also known as cancellous or spongy bone, is a highly porous structure that represents 
approximately 20% of the skeleton mass. The trabecular bone tissue is organised into a 
network of interconnected rods and plates that surround pores filled with bone marrow. This 
porous structure does not have the strength of cortical bone. However, it contributes to the 
mechanical role of bone by providing internal support distributing the load and absorbing 
energy, particularly in the vicinity of joints [5]. 
 
Figure 7: Hierarchical structure of cortical and trabecular bone (with permission by Elsevier [165]). 
Bone is a living organ with the capacity of adapting its shape, mass and microstructural 
architecture throughout life by the processes of bone modelling and remodelling. Those 
processes are regulated by the activity of osteoclast, osteoblast and osteocytes. Bone 
modelling involves growth and adaptation of bones to produce a mechanically functional 
architecture. In contrast, bone remodelling is a process whereby bone is continuously renewed 
so that it continues to maintain strength throughout life and collaborate in the complex mineral 
homeostasis, as described in detail by Burr et al. [165]. Bone modelling facilitates the growth 
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and change in the shape of bones and predominantly occurs during childhood and 
adolescence, but also occurs in the adult skeleton and serves to regulate overall changes in 
bone morphology in response to altered mechanical loading. This process is generated by the 
simultaneous bone resorption by osteoclasts cells and bone formation by osteoblast cells, 
acting on different surfaces of the bone, to alter the overall bone shape or dimensions.  
 
Figure 8: Scheme that presents the bone remodelling cycle and the basic multicellular units (BMU). The typical 
aged or damaged resting bone surface is lined with bone-lining cells (BLC). Signals (morphogenetic or physical) 
received directly or indirectly by bone-lining cells shift these cells from resting (neutral) to an osteoid destruction 
state, secretion of collagenase, change in shape followed by detachment from bone surface, and attraction of pre-
osteoclasts (POCT) coming from the blood vessels and thus help initiate osteoclast (OCT) bone resorption. The 
resorption cavity is then filled by the osteoblast (OB) with unmineralised extracellular matrix (UM) by the osteoblast. 
After maturation of the extracellular matrix, the mineralisation is promoted ending in fully functional mineralised 
extracellular matrix (MMM). Based on the text published by Cowin [166]. 
Bone remodelling is a coordinated physiological process in which the digestion process 
of aged or damaged bone tissue takes place by osteoclast and the osteoblast that fills the 
resorption cavity with new bone tissue. In contrast to the bone modelling, osteoclast and 
osteoblast operate concurrently on the same surfaces and are known collectively as basic 
multicellular units (BMUs) [165], as it is shown in Figure 8. The organisation of the BMUs in 
cortical and trabecular bone differs more morphologically than biologically. The mechanism 
controlling the equilibrium between bone resorption and formation is not yet fully understood 
since it requires interaction between different cell phenotypes and is regulated by a variety of 
biochemical and mechanical factors [165,167]. 
1.4.2 Bone biomineralisation 
As mentioned before, one of the promising characteristics of Mg-based biomaterials 
applied for orthopaedic applications is the enhanced formation of bone tissue shown in animal 
trials. Current in vivo experiments [31] show an initial fibrous and bone tissue encapsulation 
in close contact with the implant. The degradation process observed showed simultaneous 
material resorption and bone formation until the bone can remodel entirely after the complete 
degradation of the magnesium implant. A necessary process to generate the new bone tissue 
is the mineralisation of the collagen bone matrix. Those exceptional osteoconductive 
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properties of Mg-based materials can be partially attributed to the compositional similarities 
between the degradation products layer formed on the metallic surface under physiological 
conditions and the mineralised structure of the bone. 
Although macroscopically and microscopically different, the two areas of bone tissue 
(cortical and trabecular) are similar in their chemical composition [166]. The nanostructure 
level of organisation involves the same structure of the organic and mineral phases presented 
in Figure 7. The organic phase provides the necessary elasticity and flexibility and comprises 
approximately 35% of the total mass of the bone. The mineral phase is critical for the 
mechanical integrity of the skeleton, providing stiffness and load-bearing strength and 
comprises around 60% of the total bone mass. This mineral phase consists of small, poorly 
crystalline, no-stoichiometric, and largely impure hydroxyapatite (HA, Ca10(PO4)6(OH)2), that 
is bound within and between the collagen fibrils in an ordered manner (see Figure 7). 
According to the scheme presented in Figure 8, the generation of new bone tissue by 
the remodelling process starts with the resorption of the damaged or old bone by the 
osteoclast. Then the osteoblast produces a non-mineralised extracellular matrix, mainly 
consisting of collagen type I. After the production and maturation of this extracellular matrix, 
the mineralisation process starts.  The physicochemical principles ruling crystal formation from 
a solution are three: solution supersaturation, nucleation, and crystal growth, as explained in 
section 1.3.2. However, in the case of the bone biomineralisation, these steps are not the only 
ones determining the primary mineralisation and further maturation, due to the different 
interfaces present in the biological environment. A schematic representation of the many 
factors currently considered to influence the mineral deposition/resorption process is 
presented in Figure 9. 
 
Figure 9: Ionic sources and inhibitors for the bone biomineralisation process (adapted with permission by CTC 
press [166]). [ATP: Adenosine triphosphate, ECMVs: extracellular matrix vesicles] 
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Among all the factors ruling the primary mineralisation, the extracellular collagen 
protein matrix presents a leading role contributing with a supramolecular framework to support, 
delimit and control the apatite formation (see Figure 7). In all cases, bone tissue formation 
begins with the extracellular deposition of a collagen matrix (Type I) that exhibits a specific 
arrangement resulting parallel aligned fibrils, and periodic hole zones (about 40 nm long and 
5 nm wide) between the aligned fibrils. This collagen arrangement acts as a template for the 
mineral formation that takes place in the hole zone of the collagen fibrils, and crystal growth 
is extended progressively to the inter- and intrafibrillar space [168]. Therefore, the mineralised 
crystals in bones (45 - 20 nm in size and 3 nm thickness) are aligned along the main loading 
axis to resist the mechanical loads [105]. This protein matrix promotes the binding to specific 
surfaces, possibly by a specific charge distribution of collagen fibrils near the gap that promote 
the charge-based attraction of anionic mineral precursor-additive complexes, blocking the 
potential nucleation sites and thereby decreasing the crystal length [168]. However, the 
regulation mechanism is still unclear, with no consensus on how collagen and mineral are 
secreted. 
One of the most recurrent hypotheses of bone mineral formation is the one based on 
the transformation of precursors phases. In vitro studies in simulated body fluid suggest that 
calcium phosphate can proceed by surface-controlled aggregation, forming an amorphous 
phase that is subsequently nucleated to crystalline apatite [169]. Three main precursor phases 
have been proposed historically for the initiation of bone tissue; amorphous calcium phosphate 
(ACP), octacalcium phosphate (OCP), and dicalcium phosphate dihydrate (DCPD or brushite). 
On the contrary, other studies point to the mineralisation inhibitors promoting the infiltration of 
amorphous liquid-like precursors and nucleation of hydroxyapatite within the collagen fibrils 
[170,171]. Although such experiments address the inorganic phase transformations during 
bone formation, the in vivo scenario is more complex, and there is no clear association 
between the mineral phase and organic phases like polysaccharides and non-collagenous 
proteins during the mineralisation process. Also, changes in the local ionic concentration of 
calcium and phosphates varying the saturation levels, possibly regulated by the extracellular 
matrix vesicles (ECMVs) produced by osteoblasts, can be involved in the mineralisation 
process, or directly by the generation of HA mineral crystals within the matrix vesicle 
membrane [172,173]. Other possible driving forces in the rate of mineral deposition/resorption 
are the activity of alkaline phosphatase that hydrolyses the organic phosphate substrates 
releasing free inorganic phosphate, the decrease of the local pH-regulated by the osteoclast 
activity for bone resolving, or the presence of anionic proteins that help to maintain a basic 
environment to facilitate apatite deposition [166]. 
As mentioned above, the apatite mineral conforming the bone tissue contains a large 
number of impurities. Those impurities include carbonates, citrates, magnesium, fluoride and 
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strontium incorporated in the crystal lattice or absorbed on the surface [166]. Despite that the 
structure of this mineral phase is still under investigation, biomineralised bone apatite crystals 
have been proposed to be formed of nanocrystals nucleus (apatitic domain) covered by a 
hydrated and rather labile but structured surface layer (non-apatitic domain) that contains 
relatively mobile ions (mainly bivalent anions and cations: Ca2+, HPO42-, CO32-). This labile 
surface layer minimises the surface energy of the nanocrystals [168]. It has been proposed 
that the apatite substitution of the phosphate groups (e.g. HA type B by carbonates, and HA 
type A by hydroxyl groups) or Ca2+ cations (e.g. by Mg2+, Na+), allow the mineral to be more 
easily resorbed, by distorting the shape and the size of the crystals and reducing the stability 
of the mineral lattice. 
Bone mineralised crystals are formed and remain immersed in the extracellular bone 
fluid (BEF), which composition is challenging to analyse with precision due to separation 
difficulties and the constant evolution of the bone mineral crystals [105]. Nevertheless, it is 
generally considered that the ion concentrations in BEF are similar to those in blood, with 
differences in some ions concentration, as shown in Table 6. Considering the concept of 
supersaturation for heterogeneous precipitation reactions exposed in section 1.3.2, BEF 
composition is supersaturated in Octacalcium Phosphate (OCP) and stoichiometric 
Hydroxyapatite (HA), even when those phases have been not observed, while Amorphous 
Calcium Phosphate (ACP) and Dicalcium Phosphate Dihydrate or brushite (DCPD) are under-
saturated (see Table 4). 
Table 4: Supersaturation levels of bone extracellular fluid (BEF), concerning the main calcium phosphates of 
biological interest [105]. [DCPD: Dicalcium phosphate dihydrate or brushite, Triclinic OCP: Octacalcium 
phosphate with triclinic structure, ACP: Amorphous calcium phosphate, HA: Hydroxyapatite] 
Calcium phosphates Solubility product (pK) 
Ionic product in the bone 
extracellular fluid (pKi) 
DCPD (Brushite) CaHPO4 · 2H2O 6.62 12.9 
Triclinic OCP: Ca8H2(PO4)6 · 5H2O 96.6 93.9 
ACP: Ca3(PO4)2 24 – 26 27.5 
HA: Ca10(PO4)6(OH)2 117.2 98.3 
1.4.3 The hydrodynamic environment of the bone 
As exposed in section 1.3.2, the degradation rate is dependent on the fluid content, 
composition and fluid exchange. Therefore, an accurate description of the implantation site is 
necessary to define the in vitro set-up and will help to obtain results closer to the ones obtained 
in vivo and to interpret the mechanisms behind. However, little about hydrodynamics in bone 
is known. The compiled data presented in Table 5 compares the fluid content and the blood 
flow of tissues that can be in contact with a bone repairing implant material. 
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Table 5: Comparison of water content and blood flow (per 100 g of tissue) of relevant human tissues for the 
implantation of magnesium-based materials. Data extracted from [32]. 
Tissue Water content (%) Blood flow (mL / min·100 g) 
Heart 71.2 – 80.3 1000 
Muscle 76.0 38 
Brain 76.0 – 78.0 560 
Liver 72.9 – 77.3 1000 
Spleen 76.5 – 81.1 1200 
Intestine 71.0 – 72.7 1000 
Adipose - 28 
Skin 67.8 – 75.8 120 
Bone 43.9 120 
The hydrodynamic conditions presented by the interstitial fluid are more relevant for 
an implant aiming bone remodelling, but less is known about such conditions in the BEF 
compartment. The fluid in the interstitial compartment contains the characteristics detailed in 
Table 6 that are slightly different from the blood plasma composition.  






Na+ 136 - 146 142 
K+ 4.0 5.0 
Ca2+ 1.2 – 1.5 2.5 (1.3) 
Mg2+ 0.5 – 0.7 1.5 (1.0) 
Cl- 115 103 
HCO3- 26 22 – 30 
HPO42-, H2PO4- 0.6 - 1.7 1.0 
SO42- 0.7 0.5 
Glucose 1.0 3.6 – 5.2 
Amino acids unknown 0.25 – 0.40 
Protein (g/L) 20.6 63 - 80 
Vitamins unknown µg-mg 
Osmolality (mOsm/L) 281.0 282.0 
Density (g/cm3) 1.0 1.024 – 1.030 
Note. All concentrations in mM unless otherwise stated. The values in brackets correspond to the 
ionic concentrations not bound to proteins. 
The human blood serum contains a well-regulated concentration of calcium around 2.5 
mM. However, only 1.3 mM is free and not bound to proteins, that is a similar concentration to 
the one found in BEF. The estimated pH of mature BEF is considered to be slightly more acidic 
than the physiological pH in adults. However, this estimation has to be taken with caution, due 
to the constant release of protons from the bone mineral phase related with their maturation 
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[105]. The interstitial fluid is derived by filtration and diffusion from the capillaries in a state of 
near-equilibrium along the capillary membrane. It contains almost the same constituents as 
plasma except for significant lower concentrations of proteins, that cannot pass outward 
through the pores of the capillaries easily. 
The high metabolic activity of bone requires constant transport of nutrients, ions, 
proteins, glycolipids, and cells. The nutrients are transported from the blood flow into the BEF 
compartment surrounding the vessels and from there to be absorbed interstitially or drained 
through the lymphatic system. The interstitial fluid conforming the BEF is entrapped in the 
spaces among the interstitial connective tissue vertebrate by proteoglycan filaments 
(collagen). As schematised in Figure 10, the extracellular or interstitial fluid is generated by 
the hydrostatic pressure generated by the hart, pushing water and its dissolved substances 
through the capillary pores into the interstitial spaces. The difference in proteins concentration, 
as one main factor, between the vessels and the extracellular compartment, induces osmosis 
pressure, that drives the water back into de vessels. Also, the lymphatic system returns to the 
circulation the small amounts of excess protein and fluid that leak from the blood into the 
interstitial spaces. These combined factors generate a net flux across the BEF compartment 
(𝐽𝑣) that at steady state can be described by Starling´s equation depicted in 𝑒𝑞. 15. 
𝐽𝑣 = 𝐽𝐿 = 𝐿𝑝 ∙ 𝑆 ∙ [(𝑃𝑐 − 𝑃𝑖) − 𝜎(Π𝑐 − Π𝑖)] = 𝑘𝑓 ∙ 𝑁𝐹𝑃 (𝑒𝑞. 15) 
Where 𝐽𝐿 is the lymphatic flow 𝐿𝑝 is the hydraulic permeability, 𝑆 is the surface area for 
filtration, 𝑃𝑐 and 𝑃𝑖 are capillary and interstitial hydrostatic pressures, Π𝑐 and Π𝑖 are the 
capillary and interstitial colloid osmotic pressures, 𝜎 represents the osmotic reflection 
coefficient, 𝑘𝑓 is the capillary filtration coefficient (mL/min), and 𝑁𝐹𝑃 present the net filtration 
pressure (mmHg). In normal conditions, 𝑁𝐹𝑃 is slightly positive, resulting in a net filtration of 
fluid across the capillaries into the interstitial space in most organs. This slight imbalance 
between the inward and outward fluid movement along the capillary membrane, about 0.3 
mmHg, is translated in a small amount of fluid that is eventually returned by the lymphatic 
system. 
As exposed by Rutkowski et al. [179], the interstitial flow is difficult to measure due to 
the low value of the flow rate, to the heterogeneity of those values along with different 
physiological areas, and the possible artefacts created by the selected flow tracer. For this 
reason, just a few works performed direct measurements of the interstitial flow. Moreover, 
those measurements were performed only close to the surface by fluorescence recovery after 
photobleaching (FRAP) or nuclear magnetic resonance (NMR), and on anaesthetised 
animals, in which the interstitial fluid velocities are likely to be substantially different from those 
in an awake animal due to changes in blood pressure and lymphatic pumping. Those values 
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were reported to vary between 0.1 and 4.0 µm/s. In accordance, the regular rate of net filtration 
in the entire body exposed by Guyton and Hall [174] is only about 2 mL/min. The heterogeneity 
of the interstitial flow resides in the different number and size of pores in each capillary and 
the number of capillaries in which the blood is flowing between the different capillary tissue 
system. Because of the large number of proteoglycan filaments, it is difficult for the fluid to 
flow smoothly through the interstitium. However, due to the short distances between the 
capillaries and the tissue cells, this diffusion allows rapid transport through the interstitium of, 
e.g. water molecules, electrolytes, small molecular weight nutrients, cellular excreta, and 
gases like oxygen and carbon dioxide. 
 
Figure 10: Driven forces on the movement of fluid and substances between the intravascular, interstitial and 
lymphatic compartments, that generates the homeostasis of the Interstitial fluid. 𝛱𝑖: Interstitial colloid osmotic 
pressure, 𝛱𝑐: Capillary colloid osmotic pressure, 𝑃𝑖: Interstitial hydrostatic pressure, 𝑃𝑐: Capillary hydrostatic 
pressure, 𝐽𝑉: Net flux across the interstitial compartment, 𝐽𝐿: Lymphatic flow. 
Therefore, the implantation environment concerning orthopaedic applications should 
be defined by the absence of a mechanical influence generated by the fluid flow (in the range 
of µ-fluids), but with active transport of nutrients that keep constant the fluid composition. 
Therefore, in vitro set-ups aiming a bone implantation site simulation should be defined 




2 Motivation and objectives 
The previous introduction presents some of the influences affecting the degradation 
mechanism of magnesium-based materials under in vivo conditions. Due to the difficulty of 
monitoring the in vivo degradation process, magnesium degradation mechanism under 
physiological conditions remain unclear. This missing information contributes to hinder the use 
of those materials from being extended to other applications apart from those currently on the 
market. 
The composition and morphology of the degradation products layer derive from the 
alloy composition and form the corrosive environment (including inorganic, organic and cell 
presence). Among all the compounds present in the degradation product layer, the inorganic 
fraction is responsible for most of the resistance to degradation provided by the degradation 
products layer. The condition triggering the precipitation of the inorganic compounds present 
in the degradation products layer is the thermodynamic condition of supersaturation. This 
condition depends on the ionic activity of the species involved in the precipitation process, on 
the pH, and the presence of organic molecules and cells that can modify the concentration of 
specific ions. Moreover, the reactive magnesium surface and the mass transfer restrictions 
defined by the hydrodynamic conditions of the testing set-up might generate a concentration 
profile of products (e.g., Mg2+, OH) and reactants (e.g., HCO3-, HPO32-) that differentiate the 
composition of the bulk solution and the solution next to the degradation interface. Therefore, 
the local surface environment must be the most relevant for the degradation products layer 
formation and therefore modulates the degradation rate indirectly. 
The natural alkalinisation process generated by magnesium degradation in aqueous 
media has been reported in numerous previous in vitro studies [146]. Subsequently, a 
interface pH as high as 12 has been traditionally inferred from this observed alkalinisation 
process and the presence of Mg(OH)2 in the degradation products layer in simple NaCl 
aqueous solutions [106]. On the contrary, the efficient physiological pH homeostasis that 
ensures a correct biological activity [180], point to the interface pH levels as more relevant in 
the degradation products layer formation compared with the measurement of bulk pH during 
magnesium dissolution. Therefore, a reliable local in situ values of pH in addition to relevant 
ionic concentrations can help to predict the composition of the degradation products layer. 
Only recently with the application of local potentiometric techniques, an interface pH around 
10 units has been revealed during in situ magnesium degradation processes in NaCl aqueous 
solutions [181–183], as well as in a more complex degradation media like Ringer’s solution 
[184] and SBF [185]. However, those values were used to explain microstructural effects or to 
describe the behaviour of cathodic and anodic zones and were not correlated with the alloy 
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composition, the degradation solution composition, and the degradation products layer formed 
on the metallic surface. 
Therefore, the present work aims to correlate the interface pH values with the inorganic 
fraction of a simulated body fluid composition and the degradation products layer composition. 
This correlation will help to understand the interface phenomena that justify the degradation 
products layer composition during in vitro magnesium-based materials degradation. 
Accordingly, the following questions were defined: 
• Do the electrochemical reactions of magnesium degradation promote a significant 
increase in the interface pH under immersion in physiological conditions? How does 
the inorganic fraction of a simulated body fluid influence the interface pH? Moreover, 
is this assumed high pH the one ruling the compounds forming the degradation 
products layer? 
• Does the interface pH of degraded magnesium depend on the alloy composition, 
and therefore, the degradation process for different alloys promote different 
degradation products layer composition? 
• Are the hydrodynamic conditions affecting the interface pH, and therefore 
influencing the mechanism and the degradation performance of the alloy? 
SIET measurements were used to study the in situ interface pH on high purity magnesium 
(HP-Mg) and different alloying systems under current study as potential degradable 
biomaterial systems (Mg-Ag, Mg-Nd-Gd, and Mg-Ca). The degradation solutions applied, 
based on Banks´ Balanced Salt Solution (HBSS), observed the inorganic fraction composition 
of simulated body fluid. Dynamic conditions at a rate of 1.5 mL/min, were applied in order to 
keep constant the degradation solution composition and to avoid a mechanical effect of the 
flow on the degradation surface. Those conditions were defined in the Introduction to mimic a 
general implantation site for an orthopaedic purpose. Additionally, the degradation products 
layer composition was characterised in order to correlate the interface pH, the degradation 
solution composition, and degradation performance of the alloy.
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3 Material and methods 
3.1 Material production 
The magnesium alloys involved in this study were supplied by Magnesium Innovation 
Center (MagIC) in Helmholtz-Zentrum Geesthacht (HZG). The chemical compositions of as-
cast high purity Magnesium (HP-Mg), extruded and T4 heat-treated Mg-2Ag, as cast Mg-
10Gd-1Nd-0.1Ca (E11) and as-cast Mg-1.2Ca are shown in Table 7. Such variety of materials 
was considered in order to provide different surface conditions, in composition and 
microstructure, but observing compositional systems that are currently under study due to its 
potential use as degradable implant biomaterials. The as-cast HP-Mg was considered as a 
material reference that is commonly used in in vitro studies [45,186–189], and provide no 
additional influence of secondary phases and solid solution alloying elements influences on 
the corrosion kinetics. The Mg-Ca system is currently under consideration as degradable 
biomaterial [190–193] due to the cytocompatibility of Ca as an alloying element (major 
component of human bone and also essential in cell chemical signalling), and its capacity to 
improve the mechanical properties of magnesium by grain refinement [194], with a good 
density compromise (Ca density 1.54 g/cm3). Besides, the Mg-Ca system was also chosen to 
evaluate the influence on the degradation process of the Ca coming from the alloy dissolution 
and not from the degradation solution. For this reason, an as-cast microstructure with a higher 
content than 1% Ca content was selected to ensure a fast degradation rate and therefore a 
high Ca2+ cations release. The Mg-Ag system has been recently revealed as a potential 
degradable material with potential long-term antibacterial properties with a good degradation 
performance between 2% and 6% of Ag when a T4 solution treatment is performed to avoid 
harmful secondary phases [195,196]. Therefore, due to the capacity of the total solution of a 
2% Ag, the as-extruded and T4 treatment was selected to provide a grain refined with solid 
solution influenced microstructure. As Hort et al. [197] exposed, Mg-10Gd alloy brings a good 
compromise between an improvement in the mechanical properties due to solution 
strengthening and precipitation strengthening, with acceptable toxicity despite contradictory 
results in the literature, and an improvement in the degradation resistance. Besides,  Mayer 
et al. [198] revealed that the addition of 1% of Nd with an adequate heat treatment could 
improve the elongation (T4) and strength (T6), in addition to its re-passivation properties of 
the system. Moreover, the degradation of as-cast E11 system was compared to the as-cast 
WE43 system (Mg-4Y-0.5Gd-2Nd-0.5Dy) by Feyerabend et al. [199], showing similar levels 
of Mg2+ ion release and increase of osmolality, that can be correlated with similar degradation 
rates. The as-cast microstructure was selected to see the influence of well defined noble 
secondary phases in the microstructure. 
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Table 7: Chemical composition of tested magnesium alloys. The composition is expressed in ppm or wt.% when 
indicated. 
Element Hp-Mg Mg-1.2Ca Mg-2Ag E11 
Ag1 0.5 <11 1.99% - 
Al 34 0.10% 340 370 
Ca2 3 1.10%2 - 0.19%2 
Cu <1 44 13 49 
Fe 50 35 27 15 
Gd3 n/a n/a n/a 9.25%3 
La <5 <13 - 134 
Mn 8 440 - 462 
Ni <2 12 35 >180 
Nd - - - 1.36% 
Si 2 220 - 8 
Zn 36 28 n/a 53 
Zr 5 58 n/a 22 
Mg 99.98% 98.71% 97.97% 88.74% 
Pr - - - 0.33% 
1Ag: AAS, Agilent Technologies 240FS AA, λ=328.1 nm. 
2Ca: AAS, Agilent Technologies 240FS, Matrix standardised method (Gd, Nd, Mg), λ=422.7 nm. 
3Gd: µXRF M4 Tornado (Bruker), 25 µm spot analysis (Rh K), 20x20 mm area analysed, 8 ms/pixel. 
All the alloys were produced by permanent mould direct-chill casting from the pure 
materials, magnesium (99.99%, Xinxiang Jiuli Magnesium Co., Ltd, Xinxiang, China), silver 
(99.99%, ESG Edelmetall-Handel GmbH. & Co. KG, Rheinstetten, Germany), gadolinium 
(99.5 wt. %, Grirem, China), neodymium (99.5 wt. %, Grirem, China) and calcium (99.51 wt. 
%, Alfa Asear, Germany). A protective atmosphere of argon containing 2 wt% of sulfur 
hexafluoride (SF6) was used during the melting process. The melt was placed into a preheated 
Ni-free steel mould coated with boron nitride (BN) as a mould-release agent to prevent the 
direct contact between the melt and the mould. The mould was placed in a holding furnace at 
680°C for 15 minutes. After the holding time, the mould was slowly immersed in running water 
to solidify the ingot. 
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All the alloys except the Mg-2Ag system were used in as-cast conditions. The as-cast 
Mg-2Ag material was homogenised at 450°C in a resistance furnace (Linn Elektro Therm AK 
40. 06, Bad Frankenhausen, Germany) for at least 8 hours with a protective argon 
atmosphere. After the homogenisation period, the alloy was quenched by dipping into a cold 
water bath. The resultant homogenised ingot was machined into a Ø 100 x 200 mm cylinder 
for the extrusion process. The machined ingots were heated up to 285°C and processed by 
indirect hot extrusion (Table 8), and the rods were cooled down under atmospheric conditions. 
After removal of the top and the bottom of extruded rods to get rid of defects and impurities, 
the rods were heat-treated in a steel box under argon atmosphere in a resistant furnace 
(Vulcan™ A-550, DENTSPLY CERAMCO, USA) at 450°C for 8 hours. After the T4 heat 
treatment, the rods were quenched in water and machined into Ø 9 x 1.5 mm discs. 
3.2 Metallographic preparation 
To reveal the microstructure of the alloys and the morphology and composition of the 
degradation products layer cross-sections, the samples were embedded in Demotec 30 
(Demotec metallographic, Nidderau, Germany) methyl methacrylate-based resin. After the 
resin solidification, the surface was ground with sandpaper down to P2500. Then the samples 
were polished in the presence of water-free oxide polishing suspension (OPS). The residual 
OPS and ground material was removed with 100% ethanol in an ultrasonic bath, and the 
samples were analysed by optical microscopy and scanning electron microscopy. To reveal 
the grain size and microstructure distribution, the polished surfaces were etched by in a picric 
acid solution dissolved in water (17%), ethanol (79%), glacial acetic acid (4%, all chemicals 
by VWR International), for few seconds depending on the alloy. After the etching time, the 
samples were rinsed in 100% ethanol and dried by compressed hot air. 
3.3 Degradation tests  
3.3.1 Sample preparation 
The discs corresponding to the different alloys were ground with P2500 grade silicon 
carbide paper and cleaned in an ultrasonic bath in n-hexane (20 minutes), acetone (20 
minutes), and 100% ethanol (3 minutes). After the cleaning process, the weight of the samples 
40 
 
was measured with an analytical balance (SBC 31, Scaltec Instruments, Göttingen) and 
afterwards sterilised ultrasonically in 70% ethanol for 20 minutes. Then the samples were 
dried in sterile multi-well plates at 50°C in a drying oven and stored under vacuum at 200 mbar 
(Vacucenter, SalvisLAB) until the experiments were performed. 
3.3.2 Degradation testing solutions 
The alloys were tested in different degradation solutions based on Hank’s Balanced 
Salt Solution (ThermoFisher Scientific, ref. 14175053) at room temperature and during 
different immersion times between the first moments until 24 hours of immersion. The exact 
compositions of those solutions are compared with the body fluid plasma composition in Table 
9, according to the additions of NaCl (Sodium chloride ≥ 99%,  Sigma Aldrich), KCl (Potassium 
chloride, ≥ 99.5% Merck, Darmstadt, Germany), MgCl2·6H2O (Magnesium chloride 
hexahydrate, ≥ 98.0%, Merck), CaCl2·2H2O (Calcium chloride dihydrate, ≥ 99% Fluka, 
Germany), NaHCO3 (Sodium hydrogen carbonate, ≥ 99.5%, Merck), Na2SO4 (Sodium 
sulphate, Merck, Darmstadt, Germany), MgSO4 (Magnesium sulphate, Merck), 
Na2HPO4·2H2O (di-sodium hydrogen phosphate, ≥ 99.5%, Merck), KH2PO4 (potassium 
dihydrogen phosphate, ≥ 99.5% Merck), C6H12O6 (D(+)-glucose, >99%, Fluka BioChemika) 
and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, ≥99%, Merck). 
Table 9: Comparison between the degradation solutions (I – VIII) applied in the local pH measurements detailed 
in the present work and the composition of the inorganic fraction of the blood plasma. The concentrations are 
specified in a dissociated form in mM. 
Solution Na+ Mg2+ Cl- K+ Ca2+ SO42- HCO3- HPO42- D-glucose HEPES 
Blood plasma [44] 142 1.5 (1.0) 103 5.0 2.5 (1.3) 0.5 22-30 1.0 3.6-5.2 - 
I 142.8 - 143.3 5.8 - - 4.2 0.8 5.5 - 
II 142.8 1.5 146.3 5.8 - - 4.2 0.8 5.5 - 
III 142.8 - 148.3 5.8 2.5 - 4.2 0.8 5.5 - 
IV 143.8 1.5 151.3 5.8 2.5 0.5 4.2 0.8 5.5 - 
V 137.9 - 148.2 5.3 2.5 - - - 5.5 - 
VI 138.7 - 148.2 5.7 2.5 - - 0.8 5.5 - 
VII 142.1 - 148.2 5.3 2.5 - 4.2 - 5.5 - 
VIII 142.8 - 148.3 5.8 2.5 - 4.2 0.8 5.5 75.1 
Note: The values in brackets correspond to the ionic concentrations not bound to proteins. 
I. HBSS (ThermoFisher Scientific, ref. 14175053) + 5.5 mM glucose 
II. HBSS + 1.5 mM MgCl2·6 H2O + 5.5 mM glucose 
III. HBSS + 2.5 mM CaCl2·2 H2O + 5.5 mM glucose 
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IV. HBSS + 1.5 mM MgCl2·6 H2O + 2.5 mM CaCl2·2 H2O + 0.5 mM Na2SO4 + 5.5 mM 
glucose 
V. 137.9 mM NaCl + 5.3 mM KCl + 2.5 mM CaCl2·2 H2O + 5.5 mM glucose 
VI. 137.9 mM NaCl + 5.3 mM KCl + 2.5 mM CaCl2·2 H2O + 0.4 mM Na2HPO4·2H2O + 0.4 
mM KH2PO4 + 5.5 mM glucose 
VII. 137.9 mM NaCl + 5.3 mM KCl + 2.5 mM CaCl2·2 H2O + 4.2 mM NaHCO3 + 5.5 mM 
glucosa 
VIII. HBSS + 2.5 mM CaCl2·2 H2O + 5.5 mM glucose + 75.1 mM HEPES 
The above compositions allowed to evaluate the influence of Ca2+ Mg2+, HCO3-, HPO42, 
SO42- ions, and the influence of HEPES as a complementary buffering system, in the interface 
pHand the degradation products layer under dynamic degradation conditions (1.5 mL/min). 
3.3.3 Immersion tests under flow conditions 
Analogous to the immersion tests performed for the SIET measurements, immersion 
tests under dynamic conditions were performed to analyse the degradation products layer 
composition and morphology after 3 and 6 hours and the mass loss after 24 hours. For this 
purpose, three samples of each alloy were prepared according to section 3.3.1 and immersed 
in HBSS (solution I) and HBSS with the addition of 2.5 mM of CaCl2·2 H2O (solution III) to 
reproduce the two differentiated interface pH conditions revealed in the SIET measurements. 
The samples were immersed in an in-house made flow chamber (see Figure 11) manufactured 
from medical-grade polyether ether ketone (PEEK, Arthur Krüger, Barsbüttel, Germany) with 
a chamber volume of about 18 cm2. 
 
Figure 11: a) Image of the in-house bioreactor chamber, and b) scheme of the dynamic set-up assembled, applied 
to the immersion tests performed to evaluate the mass loss and the characterisation of the degradation product 
layer on the Mg alloys. 
The immersion time was selected in order to generate enough thickness of the 
degradation products layer to avoid a significant error in the mass measurement. A TL15E 
peristaltic pump (Medorex, Nörten-Hardenberg, Germany) provided permanent fresh 
degradation solution at a flow rate of 1.5 mL/min flow rate, which was distributed by Versilic® 
silicone tubes (Saint Gobain, IDEX Health & Science GmbH, Wertheim, Germany) and 
Norpren A-60-G tubes (Saint Gobain, IDEX Health & Science GmbH, Wertheim, Germany) 
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used for the pumping process. The flow rate was selected in order to keep constant the 
composition of the degradation solution according to the considerations for a better mimicking 
of an orthopaedic implantation site simulation exposed in section 1.3.2. The set-up was 
permanently open to the atmosphere, therefore equilibrated with the air composition, to mimic 
the conditions applied in the SIET measurements. Previously to every test, the complete set-
up was cleaned during 30 minutes in distilled water under ultrasound bath and sterilised by 
pumping 70% ethanol for 30 min, and then the system was rinsed with HBSS. 
3.3.4 Mass loss calculations 
The measure of the mass loss (ML) is possibly the simplest in vitro method to estimate 
the degradation rate of magnesium-based materials [71]. Even when the set-up applied for 
the immersion test highly vary between groups [44], the system is based on measuring the 
mass loss of the sample due to its conversion into degradation products layer, at different 
immersion times. However, the data obtained do not reveal any information on mechanisms, 
and a certain degree of degradation and multiple replicates are needed to avoid systematic 
errors [71]. 
After the 24 hours of dynamic immersion at 1.5 mL/min the degradation products were 
removed by immersing the sample into chromic acid (200 g·L-1) for 5 minutes. The mass loss 
was obtained from subtraction between the mass sample after the cleaning process (𝑚1) and 
the mass sample after degradation products layer removal (𝑚2), as depicted in 𝑒𝑞. 16.  
Δ𝑚𝑡 = 𝑚1 − 𝑚2   [𝑔] (𝑒𝑞. 16) 
3.3.5 Hydrogen evolution measurements 
According to the cathodic reaction presented in 𝑒𝑞. 3, one atom of Mg will generate one 
hydrogen gas molecule. Consequently, measuring the hydrogen produced in an immersion 
test is equivalent to the mass loss happening in the sample. These measurements allow taking 
multiple time points for the same immersion test. However, they are not suitable for the earliest 
stages of degradation or for highly resistant alloys/coating systems that release low hydrogen 
volumes. Despite there are some additional influences difficult to estimate, like possible 
secondary cathodic reactions (e.g. oxygen reduction), or solubility of H2 in the degradation 
solution, this technique has been widely used in corrosion studies of magnesium alloys [71]. 
Hydrogen evolution tests were performed according to the set-up presented in 
previous work [200]. The eudiometers (art. 2591-10-500 from Neubert-Glass, Germany) was 
used to exclude the contact of the degradation solution with the atmosphere in the laboratory. 
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Therefore, only the gases initially dissolved in the electrolyte can participate in the chemical 
equilibria in the degradation process. 
 
Figure 12 Schematic representation of the eudiometer used for the H2 evolution measurements (with permission 
by Elsevier [200]). 
The necessary number of samples to reach a surface area higher than 30 cm2 for each 
alloy, were placed in 500 mL of degradation solution for 80 hours under constant stirring at 
300 r.p.m. Due to the critical influence of Ca2+ cations in the interface pH values identified in 
the SIET measurements when HCO3- and HPO32- are present, the degradation solution 
compositions applied were HBSS (solution I) and HBSS with the addition of 2.5 mM of 
CaCl2·2H2O (solution III). Previous to the immersion test, the samples were cleaned in 0.1 M 
H2SO4 for 3 minutes and thoroughly rinsed with deionised water and dried in the stream of hot 
air, to remove possible contaminations introduced during the processing and cutting 
processes. The values of hydrogen evolved presented are the result of two parallel immersion 
tests and normalised to the initial material surface area immersed. 
3.4 Local pH measurements by Scanning Ion-selective Electrode Technique (SIET)  
Scanning Ion-selective Electrode Technique (SIET) is a potentiometric Scanning 
Electrochemical Microscopy (SCEM) composed by an electrochemical cell, consisting of a 
reference electrode and an Ion-selective microelectrode as a working electrode under zero 
current conditions, as shown in Figure 13(a). The Ion-selective microelectrode consists of a 
glass micropipette that includes a liquid membrane selective to the target ion. SIET technique 
is based on how the substrate (e.g., metallic surface) in the presence of a solution, perturb the 
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electrochemical response of the microelectrode that is held or moved over the substrate. A 
cell potential, under zero current conditions, observes the sum of a series of local potential 
differences generated at the different interfaces of the cell Figure 13(b). However, only the 
potential difference between the liquid membrane and the sample solution depends on the 
ionic activity of targeted ion in the solution, and all other potential contributions should be 
constant [201]. Therefore a change of potential between the working electrode and a reference 
electrode in the cell, after being amplified and digitalised, is used to determine the activity or 
concentration of the selected ion in the solution upon calibration according to Nernst equation 
[201]. As Taryba [202] highlighted in her work, the signal from an ion-selective electrode is 
directly dependent on an activity that is the ”effective concentration” of the ion of interest, but 
not on the total concentration in the solution, according to the Nernst equation (𝑒𝑞. 17). Due to 
the microscopic size of the electrode, the change of potential provides information about the 
local environment of the substrate (local ion activity). Also, the movement of the 
microelectrode is usually carried out by motors driven by piezoelectric elements bringing high 





ln 𝑎𝑖 (𝑒𝑞. 17) 
Nowadays there is a different kind of Ion-selective microelectrodes, depending on the 
nature of the ion-selective membrane (Glass Membrane Electrodes, Liquid Ion-selective 
membrane electrodes, and solid-state electrodes) or the shape and size of the electrode 
[201,203]. Liquid Ion-selective membranes are based on an internal filling solution composed 
of several organic components, so-called cocktail, and an internal reference electrode. A 
typical chemical cocktail consists of a solution of an ionophore and lipophilic additives on an 
organic solvent. The main functional part of the chemical cocktail is the ionophore compound 
providing the controlled permeability to the liquid membrane. It consists of a selective and 
reversible complexing compound that is capable of transporting the target ion (e.g. Mg2+, Ca2+, 
Ag+, Cl-, H+) across the membrane excluding the rest of the species. The ionophore compound 
can be an ion exchanger, a neutral carrier or a charged carrier. The solvent content should be 
carefully controlled due to its effects on the dielectric constant and the mobility of the ionophore 
molecules affecting the selectivity and stability of the membrane [204]. The main tasks of the 
solvent are the solubilisation of high ionophore concentrations and the lipophilic salts, to 
moderate the viscosity and adequate the lipophilicity. The lipophilic additives (alkali salts with 
lipophilic anions) help to improve the selectivity of the membrane by preventing the interaction 
of lipophilic ions from the sample with the ionophore compound, but also reduce the electrode 
response time and lower the membrane electrical resistance [201]. By varying the composition 
of the cocktail, a good electrode performance can be achieved in order to provide the direct 
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identification and quantification of the target species during the progress of the corrosion 
process. Different chemicals and some ready membranes are commercially available for 
particular applications [205], and the performance of different of those chemical components 
are reviewed in previous works [203,206]. 
 
Figure 13: a) Schematic representation of the Scanning Ion-selective electrode assembly and the glass-capillary 
microelectrode used in the present work for the in situ local pH measurements on Mg surfaces, and b) series of 
the local potential differences established at the different interfaces present in the SIET components. 1: potential 
difference at the Ag/AgCl interface, 2: potential difference at the AgCl/KCl interface, 3: potential difference at 
theKCL/salt bridge interface, 𝑗: liquid junction potential formed at the salt bridge/degradation solution interface, 
´: 
potential difference at the degradation solution/liquid membrane interface, ´´: potential difference at the liquid 
membrane/inner reference solution,𝑎𝐼𝑅𝑆,𝑖: activity of the ion 𝑖 in the inner reference solution of the glass 
microelectrode, 𝑎𝑖: activity of the ion 𝑖 in the degradation solution next to the glass microelectrode tip, 𝑎𝑥,𝑖: activity 
of the ion 𝑖 within the liquid membrane, 𝛥𝐸: cell potential difference. 
Liquid membrane glass micropipette electrodes are micropipettes created from glass 
capillaries that are coated internally and externally with silane. The tip is filled with the 
membrane chemical cocktail generating a column between 10 and 100 µm, and an internal 
Ag/AgCl wire is introduced inside like an internal reference electrode. The shape of the 
micropipette tip is generated by a special pulling machine, and its diameter varies typically 
between 0.1 µm to 5 µm [201,207]. Despite the variety of H+-sensitive ionophores developed 
till now, most of the current works applying a pH-sensitive microelectrode on local corrosion 
studies are based on the only commercial H+-sensitive chemical cocktail available (Hydrogen 
ionophore I cocktail B, Sigma-Aldrich) [208]. Such commercial cocktail does not cover the 
entire pH range occurring during the degradation processes, including those of magnesium 
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under simulated body fluids. Therefore, the development of H+-sensitive microelectrodes with 
an optimised working pH range [208] and its application in combination with other local 
techniques (e.g. SVET) [181,204,207,209] bring essential information to describe the localised 
physicochemical processes during the progress of magnesium. 
 
Figure 14: a) Image of the Scanning Ion-selective Electrode set-up (SIET) applied on the in situ local pH 
measurements; b) and c) details of the mounted Mg sample and flow the chamber included in the set-up; d) scheme 
of the dynamic conditions applied during the local pH measurements by SIET. 
The local pH measurements presented in this work were performed with a commercial 
SVET/SIET/DVIT system from Applicable Electronics controlled by LV4 software 
(ScienceWares, New Haven, USA) [208]. Samples of the alloys were machined up to 
approximately 1 - 2 mm diameter and embedded in epoxy resin configuring a home-made flow 
cell (5 mL) as depicted in Figure 14(c) and (d). The samples were subsequently polished to 
generate a surface free of imperfections that would prevent the free movement of the 
microelectrode at 10 – 45 µm above the surface, allowing to use the same embedded sample 
of each alloy for all the experiments presented in this work. A TL15E peristaltic pump was 
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applied to induce a constant flow rate of 1.5 mL/min. The local pH measurements were 
performed using a glass-capillary microelectrode with a tip orifice diameter of 1.8 ± 0.2 µm. 
The tip of the was filled with a non-commercial chemical cocktail based on 0.06 mol kg-1 of the 
ionophore benzyldioctadecylamine, 0.03 mol kg-1 additive (ion-exchanger) potassium 
tetrakis(4-chlorophenyl) borate (KTClPhB, Sigma-Aldrich Ref. 60591), 33.0 w/w % of 
poly(vinyl chloride) (PVC, Sigma-Aldrich, ref. 81392) and up to 100.0 w/w % of 2-nitrophenyl 
octyl ether (NPhOE, Sigma-Aldrich, ref. 73307) as a solvent, according to previous studies 
[208]. The glass-capillary microelectrode was calibrated in HBSS solutions with 6, 8 and 10 
pH by addition of NaOH and HCl, in order to prevent interferences from harmful components 
of conventional pH standard solutions and to favour the conditioning of the microelectrode 
membrane. The potential drift over the time of the glass-capillary microelectrode was corrected 
based on the bulk pH measured by the mini-FET electrode (Sentron-SI, mini-FET 9202-010 
electrode). 
After levelling the sample, the microelectrode was calibrated and positioned above the 
sample. At this time, the scans were defined in the software. Finally, the flow-cell was filled 
with the degradation solution, and the pump was connected. This procedure ensures that the 
first moments of the degradation process were recorded. Under those conditions, the glass-
capillary microelectrode performed parallel and perpendicular to the sample surface 500 point-
by-point steps of 0.6 milliseconds reading time and 0.8 seconds of resting time, generating a 
measuring time of 40 minutes for every individual line scan. Each of the scan-line started and 
finished 1000 µm away from the edge of the Mg sample to reach the bulk solution conditions. 
The scanning distance to the sample surface was established post factum after concluding 
the horizontal scans, 3 – 24 hours of immersion, by breaking the probe over the sample 
surface at the final steps of the point-by-point perpendicular line scan. 
3.5 Difference Viewer Imaging Technique (DVIT) 
DVIT systems are based on a fast CCD digital video camera with high magnification, 
a stable light source, a video frame grabber board and software that contains a video 
subtraction algorithm developed to discern specific sites on the sample that change with time, 
giving a clear display of changes with time. This system can perform non-invasive 
observations of minor changes in the appearance of the surface and adjacent environment. 
The processed image reveals only differences between the reference and the consecutive 
images and eliminates the background “noise” caused by the visible static features in the 
processed images. This technique requires a stable light source, a stable liquid surface without 
vibration or air currents, and no dust particles in the solution.  
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In the present work, a DVIT system (AOE, Applicable Electronics) with the LV4 
software [210,211], was used to study minor changes in the appearance of the magnesium 
surface and adjacent electrolyte. For this purpose, a reference image was taken at the very 
first moment when the degradation solution containing 0.5 wt% phenolphthalein solution in the 
water-ethanol mixture (v/v 1:0.4) was introduced into the cell in contact with the magnesium 
sample. Consecutive images were taken at 60 to 30 images per minute, and the difference 
image was obtained by digitally subtracting the reference image from each consecutive image. 
The DVIT observations were performed at room temperature of 22 ± 2°C maintained by the 
lab climate control system, for less than 7 minutes in static conditions to prevent the loss of 
focus caused by an unbalanced solution fed. 
3.6 Alloys and degradation products characterisation 
3.6.1 Scanning electron microscopy (SEM) and energy dispersive x-ray (EDX) 
Between the multiple interactions between the electron beam and the specimen atoms, 
the primary electrons can interact with the atomic nucleus of the atoms present in the sample, 
being backscattered (or reflected) from the sample. Those backscattered electrons possess 
higher energy than the secondary electrons and have a definite direction travelling in straight 
lines. Besides, those electrons possess information of the interacted material of the sample 
since as bigger the size of the interacted nucleus is the number of backscattered electrons 
increases, producing images with a high degree of atomic number contrast. 
When the primary electrons ionise the atoms of the sample, those atoms can relax 
generating electron transitions emitting x-ray emission, between other energies, as a result of 
the energy conservation principle. The x-rays emitted are characteristic of the elements [212] 
and are identified via a detector using their unique energies or wavelengths to ascertain the 
composition of the sample. In EDX, a solid-state detector collects and counts all emitted x-
rays at once, divides the energy spectrum into different channels or ranges, and displays it on 
the computer screen creating a spectrum formed by peaks corresponding to the energies of 
elements present in the sample. 
A backscattered scanning electron microscope Phenom PRO-X (Phenom-World BV, 
Eindhoven, Netherlands) with a thermionic Cerium Hexaboride (CeB6) source and an x-ray 
Silicon-drift detector (SDD), was used to evaluate the morphology of the degradation products 
layer from the front view and the cross-sections generated from the immersed samples at 15 




Figure 15: a) Image of Phenom Pro-X BSE-SEM used for the characterisation of the degradation product layer; b) 
general scheme of a scanning electron microscope and the resulting interaction between the electron beam and 
the sample: (BE) Backscattered electrons, (SE) Secondary electrons, (AE) Auger electrons, (x-ray) Characteristic 
electrons, (CL) Cathodoluminescence. 
3.6.2 Grazing Angle X-ray Diffraction (GAXRD) 
The interaction of an incident monochromatic x-ray beam of a fixed wavelength (λ) with 
a crystal sample results in a characteristic diffraction pattern that is described by the Bragg 
equation, as described in Figure 16. This diffraction pattern can be used to determine the 
structural properties of the sample. Therefore with information like the incident wavelength (λ) 
and the diffraction pattern, is possible to measure the lattice dimensions of a crystalline 
sample, and therefore identify and differentiate between compounds. 
 
Figure 16: Scheme showing the interaction of the incident x-ray radiation (i) with a crystal lattice (grey regular 
structure), the reflected x-rays (r), and the Bragg´s law equation. 𝜃: incidence angle, 𝑑: distance between two 
consecutive atomic planes, 𝜆: incident wavelength.  
GAXRD is a diffractive x-ray method to obtain compositional and thickness information 
regarding the crystalline phases present in superficial areas or thin layers [213]. The 
conventional Bragg-Brentano reflection geometry, where large grazing angles of incidence 
provide information of several hundred micrometres inside the material, The GAXRD 
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scattering configuration (Figure 17) is designed to minimise the substrate contribution on the 
diffraction response and therefore optimising the surface signal modifying the Bragg-Brentano 
geometry to provide an “asymmetric” diffraction result by varying the incidence angle [214]. A 
monochromatic x-ray beam hits the sample at a fixed small-angle α, larger than the critical 
angle for total reflection, αc, but usually smaller than 10°. Moreover, the diffraction profile is 
registered by a detector. By changing the incident angle, different depth can be reached, and 
a compositional profile can be determined. 
 
Figure 17: Image of A) Bruker D8 Advance x-ray diffraction set-up used in the present work, and B) scheme 
presenting the grazing angle diffraction configuration. [α: angle of the x-ray incidence, and θ: angle of the diffracted 
beam, with respect to the inspected surface] 
The surfaces of degraded samples generated during immersion tests were analysed 
by a Bruker D8 Advance (Bruker, Karlsruhe, Germany) in a grazing incidence geometry of 1 
degree. The generator was set for 40 kV and 40 mA, and the data was collected between 15 
and 80 degrees of 2θ at intervals of 0.02 degrees. The cutting time was 2 s per data point. 
The data analysis was carried out by BrukerEVA and PDF-2 (Release 2015 RDB) analysis 
software. 
3.6.3 Micro X-ray fluorescence (µXRF) 
X-ray fluorescence analysis is a spectrochemical analytical tool that allows the analysis 
of a wide number of chemical elements. The basis of the X-ray fluorescence analysis is an 
excitation and relaxation process within the atomic electron shell. The X-ray source radiation 
hits the analyte atoms inducing the ionisation of the inner shell electrons by the photoelectric 
effect and therefore generating electron vacancies in the inner shells (K, L, M). The creation 
of the vacancy in a particular shell result in a cascade of electron transitions, all correlated 
with the emission of X-ray photons with a well-defined energy corresponding to the difference 
of energy between the atomic shells involved (Figure 18c). One characteristic of X-ray 
fluorescence in comparison to optical fluorescence is that the excitation occurs with distinctly 
higher energies and that the emitted fluorescence radiation lies within the X-ray range. 
Because inner atom shells are involved, this process is predominantly specific to elements 
and not specific to molecules. For this reason, conclusions about the chemical bonds cannot 
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be made this way directly. The possible excitation states and shell transitions are subject to 
the atomic physics laws and result in a spectrum line, which is characteristic of each element. 
Depending on the ionised shell, the radiation is labelled K-, L-, M-radiation and, depending on 
the refilling shell, and additional indication, e.g. Kα1, 2, Kβ1, Lα1, describes the relative 
intensity of the lines of one line series and depends on the level where the electrons come. 
Fluorescence lines can only be excited with energy lines that are higher than the fluorescence 
line itself. The emitted x-ray radiation of the sample hits the detector, where they are absorbed 
and generate charges. These charges are collected by the electrical field and then amplified 
and filtered to reduce the different noise contributions. To facilitate the element identification 
and quantification, the number of X-ray quanta measured by the detector must be converted 
into a digital spectrum. For a better spectrum evaluation, the electronics generate a signal at 
exactly energy zero that can be used for energy calibration, but also for the calibration of 
energy resolution and of dead time determination. The natural width of fluorescence lines is 
typically ˂ 10 eV and variations depending on the type of lines (K, L, M) and the chemical bond 
type of the atom are negligible. 
 
Figure 18: a) Image of the µXRF M4 Tornado (Bruker), b) components of the µXRF M4 Tornado and c) the 
schematic process of the atomic phenomena involving the x-ray fluorescence emission. A high-energetic x-ray 
photon ionises an inner energy level, e.g. the K-shell of an atom. After the ionisation, a fast cascade of electrons 
refills the gap with electrons from a higher energy level. The energy difference between the two states is emitted 
as an x-ray photon, the so-called x-ray fluorescence. 
A 2D energy dispersive (EDXRF) X-ray spectrometer µXRF M4 TORNADO (Bruker, 
Ettlingen, Germany) was used for elemental analysis and relative quantification of the 
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degradation products layer after the degradation processes. The X-ray source anode material 
selected was Rhodium (Rh) that with the help of a poly-capillary optics generate a spot size 
down to 25 µm with a high excitation intensity. The energy dispersive silicon drift detector 
(SDD) of 30 mm2 offers a high-count rate with a stable energy resolution ˂ 145 eV for Mn Kα. 
The X-ray tube settings used for the analysis were a tube voltage of 50 kV and a current of 
600 µA. The measurements were conducted under vacuum at 20 mbar to improve the 
identification of elements with an atomic number lower than 16. A 12.5 µm aluminium foil was 
applied as a primary filter to cut off the excitation radiation scattered from the sample material 
absorbing the photons of ~12 keV, and reducing the diffraction peaks of possible crystalline 
materials. The average spectra of 3 cycles over a sample area of 1.5 cm2 were analysed with 
a 25 µm distance between analysed points. The standards quantification method was based 
on a fundamental parameter (FP) quantification algorithms. Those algorithm derives the net 
peak intensities and then calculates the sample composition, but based on the assumed 
sample composition; the resulting µXRF spectra are simulated (forward calculated). These 
simulated spectra are compared with the measured spectra and matched by iterating the 
sample properties. This approach incorporates multiple physical effects like self-absorption 
and secondary excitations, strong peak overlaps, and pronounced absorptions effects are 
treated to the best of knowledge, providing more robust results due to a larger set of 
fluorescence lines that can be used for the quantification. 
3.6.4 Fourier Transform Infrared Spectroscopy Attenuated Total Reflectance (FTIR-ATR) 
Most molecules absorb light in the infrared region of the electromagnetic spectrum due 
to the activation of different vibration or stretching modes between the different atoms present 
in the molecule. According to this, infrared spectroscopy is a well-established technique that 
can be applied to analyse the compounds developed on the sample surface as a result of the 
degradation process. The FTIR-ATR is based on the phenomenon of total internal reflection 
of IR radiation at the boundary between two media with different refraction index [215]. The IR 
radiation is transmitted under total internal reflection through a medium in an optically dense 
medium (ATR crystal, 𝑛1) when the angle of incidence (𝜃) is greater than the critical angle 
(𝜃𝑐 = 𝑠𝑖𝑛
−1 𝑛2,1). The close contact generated by the pressure applied between the ATR 
crystal and an optically rare medium (sample, 𝑛2) generate an orthogonal evanescent wave 
into the rare medium (sample) in each reflection point, that decays exponentially with the 
distance from the interface [216], as shown in Figure 19. Some of the energy of the evanescent 
wave is absorbed by active vibrational modes of the atoms present in the sample and reflected 
radiation return to the detector, registering an attenuation of the incident compared with the 
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reflected beam intensity (I0 > I). The resultant attenuated radiation as a function of the 
wavelength produces the ATR spectrum. 
An estimation of the analysis depth (evanescence wave penetration) in an ideal 
homogeneous solution is given by 𝑒𝑞. 19. This value has been estimated in previous works 
[5], according to the decay of the 95% of the electric field from the evanescent field presented 
in 𝑒𝑞. 18 [218]. However, the penetration of the evanescent wave across an oxy-hydroxide film 
is more complicated to determine, and studies on the absorption of ions onto layers of particles 
deposited on ATR crystals have confirmed a sampling depth around 4-7 microns [215]. 
𝐸 = 𝐸0 ∙ 𝑒𝑥𝑝 [−
2𝜋
𝜆1














 (𝑒𝑞. 19) 
Where 𝜆1 is the wavelength of the radiation in the denser medium, 𝜆 the wavelength in 
free space, 𝜃 the angle of incidence with respect to the normal. The parameter 𝑛1,2 is defined 
as the ratio of the refractive indices, 𝑛2,1 =
𝑛2
𝑛1⁄ , where 𝑛1 and 𝑛2 are respectively, the 
refractive indices of the optically denser and less dense media, and 𝑍 is the distance from the 
surface. 
 
Figure 19: a) Image of the FTIR-ATR Tensor 27 (Bruker), and b) scheme of the sample-ATR crystal coupling in a 
multi-bounce ATR system, and the generated evanescent wave into the DPL on the surface of the Mg alloy. DPL: 
degradation product layer, 𝑛1, 𝑛2: refractive indices of the ATR crystal and the DPL respectively, 𝛩, 𝛩𝑐: angle of 
incidence and the critical angle of incidence of the IR radiation, 𝑑𝑝: penetration of the evanescent wave across the 
DPL, 𝑍: distance within the DPL in which the evanescent wave is established. 
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The samples after immersion tests were rinsed in 100% ethanol and stored under 
vacuum until analysed by in the FTIR-ATR equipment Tensor 27 (Bruker, Ettlingen, Germany) 
to measure the IR spectra of the degradation products formed on the surface. Every spectrum 
is the result of an average of 512 scans with a resolution of 2 cm-1. The data evaluation was 
performed by OPUS software version 7.5.18 (Bruker, Ettlingen, Germany). 
3.6.5 Solubility modelling and prediction of the degradation products layer composition 
The Medusa-Hydra chemical equilibrium modelling software developed by I. 
Puigdomenech [219] was used to evaluate the thermodynamic stability of the possible 
compounds present in the degradation products layer under the conditions presented during 
the immersion tests. The Hydra software contains a database with the log Ksp at 25°C for 
several compounds formation reaction with its stoichiometry, and Medusa module is capable 
of performing thermodynamic stability diagrams based on different algorithms applied to the 
computation of aqueous multicomponent, and calculating the activity coefficients. Therefore 
for each heterogeneous equilibrium contained in the Hydra database can be established the 
relation between the ionic activity and the Ksp. The ionic activity or “effective concentration” is 
estimated by a mathematical approximation applied to calculate the activity coefficient (𝑒𝑞. 21). 
This approximation depends typically on the ionic strength of the solution (𝑒𝑞. 20), and 
Medussa module corrects the ionic activity according to the Helgeson equation (𝑒𝑞. 22), that 
is also useful for diluted solutions in the similar range as Davies equation. According to that, 
Medussa software calculates the activity coefficients and with the Ksp calculate the 
concentration for each aqueous and solid phases. 
𝐼 = 1 2⁄ ∑ 𝑚𝑖 ∙ 𝑍𝑖
2 (𝑒𝑞. 20) 
𝛾𝑖 = 𝑎𝑖 ∕ 𝑚𝑖 (𝑒𝑞. 21) 
log 𝛾𝑖 = −𝑍𝑖
2𝐴√𝐼 (1 + 𝐵√𝐼) − log(1 + 0.018𝐼) + 𝑏𝐼⁄  (𝑒𝑞. 22) 
where 𝐼 corresponds to the concentration of electric charge in a solution, 𝑚𝑖 is the molality of 
an aqueous species "𝑖" with charge 𝑍𝑖 in mol / (kg of water). 𝛾𝑖 is the activity coefficient for an 
aqueous species "𝑖", 𝑎𝑖 is the activity of the aqueous species "𝑖", and 𝑚𝑖 corresponds to the 





4.1 Alloys microstructure and intermetallic phases 
Apart from the different composition of the alloying systems presented in Table 7, 
Figure 20 shows the different microstructure derived from the different composition and 
processing routes. 
 
Figure 20: Microstructure of the composition and processes of the alloy described in section 3.1 revealed by optical 
microscopy. a) As cast High purity magnesium (polarised light), b) extruded and T4 heat-treated Mg-2Ag, c) as 
cast Mg-1.2Ca, and d) as cast E11 (Mg-10Gd-1Nd-0.1Ca). The microstructures presented in c) and d) were 
revealed without the final etching procedure, to not affect the highly reactive microstructural features. 
The HP-Mg (Figure 20a) shows a microstructure entirely formed by equiaxial grains of 
α-Mg matrix between 0.7 and 4 mm in diameter. In the case of the Mg-2Ag alloy, Figure 20(b) 
shows equiaxial grains (between 25 and 15 µm diameter). The T4 heat treatment performed 
before and after the extrusion process avoid the presence of degradation detrimental 
secondary phases (Mg4Ag or Mg54Ag17) that can be found in a typical as-cast microstructure 
[220,221]. The high purity of the HP-Mg samples and the big grain size made it impossible to 
detect any relevant microstructural feature by SEM/EDX. In the same way, the SEM/EDX 
analysis for the Mg-2Ag samples brings no extra information than the one obtained by optical 





Figure 21: Microstructural and relative chemical analysis of the phases present in the a) E11, and b) Mg-1.2Ca 
alloys, by BSE and EDX. 
The course as-cast structure identified by optical microscopy for the Mg-1.2Ca 
samples present dendritic areas between 60 and 270 µm diameter of the α-Mg matrix (Figure 
24b, point 8), which are surrounded by a eutectic structure formed by α-Mg and a Ca-rich 
intermetallic phase (see Figure 24b, point 7 and scan line 6). This phase, identified as Mg2Ca 
in previous works [192,193], was also localised among the grain boundaries. In the case of 
the E11 alloy, the optical image in Figure 20(d) shows a dense secondary phase network in a 
darker colour than the matrix. The BSE-SEM and the EDX analysis revealed a dendritic as-
cast microstructure formed by the primary Mg dendrites with Gd, Nd and Ca in solid solution 
(Figure 21a, point 2), and well defined cellular net of Gd, Nd-rich secondary phases around 
dendrite arms (Figure 24a, point 5). Those phases with pseudo-eutectic morphology, are 
probably composed of β-Mg5(Gd, Nd), as was identified previously [198,222]. High level of 
segregation on Gd and Nd was revealed by the brighter areas surrounding the secondary 
phases (see Figure 21a, point 4 and line scan 1). Also, bright cuboidal particles between 0.5 
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and 5 µm (Figure 24a, point 3), identified previously as [Gd, Nd, Mg]-hydrides (REH2/REH3) 
[223,224], were found to be associated with the secondary phase or the Gd/Nd segregated 
areas in the α-Mg matrix. 
Table 10: Relative chemical analysis performed by EDX of the microstructural features identified in Figure 21. 
The compositions are given in wt.%. 
 Mg Gd Nd Ca O 
2 94.33 3.88 0.35 0.13 1.31 
3 63.44 29.70 2.56 0.90 3.40 
4 88.12 9.61 0.77 0.11 1.39 
5 73.14 18.97 4.55 0.90 2.44 
7 85.58 - - 11.41 3.01 
8 98.30 - - 0.46 1.24 
4.2 In situ measurement of interface pH of Mg 
4.2.1 Solution influence on the interface pH of Mg 
The SIET set-up under dynamic conditions was applied to evaluate the influence of the 
relevant inorganic electrolytes on the surface local pH during the degradation process. Figure 
22 shows the influence of the addition of Mg2+ cations to the local pH along the E11 surface. 
The four consecutive scans performed along the first 119 min of immersion in HBSS (solution 
I) revealed a surface local pH between 9.75 and 10, at 10 µm above the surface (Figure 22a). 
The values obtained for the different scans showed no apparent change tendency within such 
immersion time. With the addition of 1.5 mM MgCl2 (solution II), the interface pH at 45 µm 
above the surface was decreased down to 9.25 - 9.5. Besides the influence of Cl- anions on 
the degradation rate discussed in section 1.3.2, the MgCl2 addition did not promote a higher 
interface pH as a consequence of a higher degradation rate. This fact, support a stronger 
influence of the Mg2+ cations contribution, than the harmful effect generated by such increment 
in Cl- anions. However, the slight decrease of pH might be related to the lower bulk pH of 
Figure 22(b) in contrast with the one presented in Figure 22(a). The orange arrow depicted in 
Figure 22(b) showed how after approximately 76 min of immersion this area behave less active 
showing a lower pH in contrast with the behaviour found for earlier immersion times (black 
and red lines) and the subsequent one (blue line). The pink arrows in Figure 22 revealed how 
the direction of the flow rate applied, depicted with a red arrow on the in situ optical image of 
the sample, generates a shoulder shape for every profile. The optical images included in 
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Figure 22, showed how the addition of Mg2+ ions did not generate appreciable differences in 
the degradation morphology revealed on the microstructure. In both degraded surfaces, well-
defined bright and dark areas that can be assimilated to the features revealed in Figure 21(a) 
for the E11 microstructure. Besides, a high hydrogen development with big size bubbles was 
generated during the whole immersion time. 
 
Figure 22: Influence of the presence of Mg2+ cations in the Hank´s balanced salt solution (HBSS) composition on 
the in situ interface pH developed on the E11 alloy under the first 2 hours of dynamic immersion (1.5 mL/min). The 
figure presents in a) four consecutive SIET parallel line scans at 10 µm above the surface under immersion in 
Hank´s balanced salt solution (HBSS, solution I), and b) four consecutive parallel line scans at 45 µm under 
immersion in Hank´s balanced salt solution (HBSS) with the addition of 1.5 mM of MgCl2·6H2O (solution II). The 
direction of the flow rate is indicated by the red arrow placed on the in situ obtained digital images. The orange 
arrow identifies an area on the surface with a lower interface pH than the rest of the scanned surface. The pink 
arrow shows a shoulder-shaped artefact on the pH profile generated by the solution flow. 
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The effect of the presence of Ca2+ cations (solution III) on the interface pH was studied 
by the SIET parallel scanned lines on the E11 surface that are presented in Figure 23. With 
the addition of 2.5 mM of CaCl2·2H2O (Figure 23b) four consecutive scans within the first 360 
min of immersion at 30 µm above the surface, showed a interface pH between 7.8 and 8.2 
units, with high active zones indicated by orange arrows. The presence of Mg2+ and SO42- ions 
in addition to the Ca2+ cations showed in Figure 23(a) a interface pH between 7.6 and 8.1 units 
within the first 94 min of immersion. A high pH zone on the interface between the sample and 
the resin was revealed and indicated by an orange arrow. 
 
Figure 23: Influence of the presence of Ca2+, Mg2+ and SO42- ions in the Hank´s balanced salt solution (HBSS) 
composition on the in situ interface pH developed on the E11 alloy under dynamic immersion (1.5 mL/min). The 
figure presents in a) four consecutive SIET parallel line scans at 30 µm above the surface during the first 1.6 hours 
of immersion in Hank´s balanced salt solution (HBSS) with the addition of 2.5 mM of CaCl2·2H2O (solution III), and 
in b) three consecutive SIET parallel scans at 30 µm above the surface between 4 - 6 hours of immersion in  Hank´s 
balanced salt solution (HBSS) with the addition of 2.5 mM of CaCl2·2H2O, 1.5 mM of MgCl2·6H2O, and 0.5 mM of 
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Na2SO4 (solution IV). The direction of the Flow rate is indicated by the red arrow placed on the in situ digital images. 
The orange arrows point to higher interface pH areas that were connected with high hydrogen evolution. 
As well as for the scans presented in Figure 22, the consecutive scans presented in 
Figure 23 did not reveal a tendency on the interface pH over the immersed time. All the abrupt 
increments in the interface pH values presented in the figures above with orange arrows were 
associated with a high localised hydrogen evolution. Due to the well-distributed network of 
secondary phases along with the whole material, those highly active zones can be supposedly 
attributable to zones with a higher concentration of impurities levels. In contrast to the optical 
images presented in Figure 22, the ones presented in Figure 23 showed a homogeneous 
bright appearance were no microstructure features can be identified. This fact can be seen 
later in Figure 33. Concerning the hydrogen evolution in the presence of Ca2+ cations, the 
degradation process generated small bubbles that were fast detached. 
The immersion of the E11 surface, used previously for the SIET measurements, was 
used to study the first stages of the alkalinisation process. The sample was immersed under 
static conditions in the presence of HBSS (solution I) and HBSS with the addition of 2.5 mM 
CaCl2·2H2O (solution III) in the presence of phenolphthalein as a pH indicator. The optical 
changes were digitally monitored by DVIT. As a result, the image sequence presented in 
Figure 24 shows the first 6 minutes of immersion in the mentioned solutions. Phenolphthalein 
dissociation constant (pKIn) is 9.4 ± 0.5, and the pH range for the colour change is between 
8.2 and 10.0 from a transparent form (H2Ph) to an intense pink (In2+). Therefore the pink 
colouration reveals the alkalinisation of the solution. 
 
Figure 24: DVIT in situ investigations of the general alkalinisation generated on the degradation solution by the 
immersion of the same E11 sample used in previous SIET scans (Figure 22 and Figure 23) during the first 6 
minutes of immersion in a) Hank´s balanced salt solution (HBSS, solution I) with the addition of phenolphthalein, 
and in b) Hank´s balanced salt solution (HBSS) with the addition of 2.5 mM of CaCl2·2H2O (solution III) and 
phenolphthalein. The change into a pink colour of the solution is generated by a shift in the pH between 8.2 and 
10.0 due to the pKIn of 9.4 ± 0.5 of the phenolphthalein. 
The DVIT analysis for the immersion in HBSS (see Figure 24a) shows that the 
accumulation of small, static and homogeneously distributed hydrogen bubbles on the surface 
of the alloy is accompanied by a very slight and local pink colouration within the first second. 
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After two seconds of immersion, the size of the hydrogen bubbles increase, and the pink colour 
becomes more evident and generalised on the whole sample surface. After the first 10 
seconds of immersion, the hydrogen bubbles continue increasing their size and the indicator 
colour intensity increases. After one minute, the pink colouration starts to propagate in the 
solution surrounding the sample surface. In contrast, in the presence of HBSS with the addition 
of 2.5 mM of CaCl2·2H2O (Figure 24b) shows the formation of localised hydrogen bubble 
streams from the first two seconds with an apparent slight pink colouration surrounding the 
bubbles. This situation remains until the first ten seconds of immersion. After this point, the 
sample begins to show a brighter surface becoming intensively brighter with the immersion 
time, and the hydrogen bubbling becomes less active, showing an increment of the bubbling 
size. At the same time, the pink colour from the indicator persists only surrounding the bubbles. 
 
Figure 25: a) Variation of the in situ interface pH of the E11 sample within the first 24 hours of immersion revealed 
by 5 parallel SIET scans at 10 µm above the surface under Hank´s balanced salt solution (HBSS) with the addition 
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of 2.5 mM of CaCl2·2H2O (solution III). b) Three perpendicular SIET scans performed from 1 mm above the surface 
under dynamic immersion (1.5 mL/min), in (green line scan) Hank´s balanced salt solution (HBSS, solution I) , in 
(black line scan) Hank´s balanced salt solution (HBSS) with the addition of 2.5 mM of CaCl2·2H2O (solution III), 
and in (red line scan) Hank´s balanced salt solution (HBSS) with the addition of 2.5 mM of CaCl2·2H2O, 1.5 mM of 
MgCl2·6H2O, and 0.5 mM of Na2SO4 (solution IV). The direction of the Flow rate for the scans presented in (a) is 
indicated by the red arrow placed on the in situ digital images. 
The same immersion test in the presence of phenolphthalein was applied for the rest 
of the alloys but in the absence of the DVIT system. The same fast alkalinisation process was 
found for all surfaces in the absence of Ca2+ cations in the HBSS composition, and in contrast, 
the presence of Ca2+ cations generated no colour change of the phenolphthalein, revealing a 
lower pH than the range 8.2 – 10.0. 
The parallel SIET scans performed within the first 24 hours of immersion over the E11 
surface alloy presented in Figure 25(a), revealed that the lower interface pH environment in 
the presence of Ca2+ cations persists at least during the 24 hours of immersion. The slight 
differences in the interface pH shown in Figure 25(a) (pH 7.8 – 8.2) and Figure 23(b) (pH 8.1 
– 8.4) can be explained by: a) After every degradation test and the subsequent surface 
preparation, the surface can present new non-homogeneous areas or differences in the 
impurity levels exposed that can generate slight differences in the activity of the surface, b) 
the manual preparation of the SIET electrode (membrane cocktail and capillary morphology) 
can bring differences in the sensitivity of the system, and c) a difference in the scanning high 
of the electrode between 10 and 30 µm can also bring a slight difference. However, those 
slight differences do not mask the lower pH environment promoted by the presence of the 
Ca2+ cations. 
Moreover, with the presence of Ca2+ cations a higher amount of precipitates were found 
in the surface (Figure 25a, optical image after 24 h on the right corner), and a continuous 
localised filiform degradation process (yellow arrow in Figure 25a), often starting in the 
interface resin/sample, was found. The perpendicular line scan performed on the head of the 
active degradation filiform process (black line scan of Figure 25(b) revealed a significantly 
higher local pH than the areas were this filiform degradation is not present (red line scan of 
Figure 25b). 
The perpendicular SIET scans performed from 1 mm above to the surface shows again 
both differentiate behaviours in the presence and absence of Ca2+ cations. The scans 
performed for the E11 surface under degradation in HBSS (green line scan in Figure 25b) 
shows an increase from pH 7.5-7.7 in the bulk solution up to pH 10 – 10.2 on the surface. 
While with the addition of CaCl2·2H2O, including the presence of Mg2+ and SO42- ions (red line 
scan in Figure 25b) this increment is less pronounced reaching an interface pH up to 8.0. 
Those pH profiles provide information concerning the mass transfer between the 
surface/interface area and the bulk solution. Establishing this limit for the H+/OH- species at 
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700 μm under the immersion in HBSS (green line scan in Figure 25b), and a diffusion layer 
around 500 μm under the immersion in HBSS with the addition of Ca2+ cations. 
Therefore, the presence of Ca2+ cations in the corrosive solution leads to a significantly 
lower interface pH that is developed since the first seconds of immersion and persists until at 
least 24 hours of immersion. Consequently, lower differences between the interface pH and 
the bulk pH were found in the presence of Ca2+ cations in solution. However, the additional 
presence of Mg2+ in the corrosive solution in the physiological range seems to not promote 
significant changes on the interface pH. The stability of the local surface environment is 
interrupted by local active areas where a high interface pH is reached companied with high 
hydrogen evolution. 
4.2.2 Alloy influence on the interface pH of Mg 
In order to show the influence of the dissolution kinetics, promoted by differences in 
the alloy composition and microstructure, in the in situ local pH, SIET scans were performed 
over the surface of the HP-Mg, Mg-2Ag and Mg-1.2Ca samples within the first 3 hours of 
immersion in HBSS (solution I) and HBSS with the addition of 2.5 mM CaCl2·2H2O (solution 
III). The SIET scans were performed between 30 and 50 μm above the surface assuring that 
all the measurements were performed inside the diffusion layer, and therefore the interface 
pH values can be comparable. By comparing Figure 26, Figure 27, and Figure 28, the effect 
of the addition of the CaCl2·2H2O on the interface pH was consistent with the ones presented 
in Figure 22(a) and Figure 23(b).  
 
Figure 26: Effect of the addition of 2.5 mM of CaCl2·2H2O in Hank´s balanced salt solution (HBSS) composition on 
the in situ interface pH developed on the HP-Mg sample. The figure shows two consecutive parallel SIET scans 
above 50 µm above the surface within the first 2 hours of immersion in (red scans) Hank´s balanced salt solution 
(HBSS, solution I), and in (blue scans) Hank´s balanced salt solution with the addition of 2.5 mM of CaCl2·2H2O 
(solution III). The pink arrow shows a shoulder-shaped artefact on the pH profile generated by the solution flow. 
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The values of the interface pH along the scans show a similar behaviour between the 
HP-Mg and the Mg-2Ag, without significant abrupt pH values. A pH between 9.9 and 10.4 in 
HBSS and around pH 8.1 when Ca2+ cations were included in the degradation solution. In the 
case of the as-cast Mg-1.2Ca alloy, high local pH areas associated with intense hydrogen 
evolution were identified all along the surface and at the interface sample/resin. Those active 
zones seem to mask a slightly lower interface pH when the sample was immersed in HBSS 
(solution I), that seems to be between 9.8 and 10.2 pH units. 
On the other hand, when the as-cast Mg-1.2Ca surface was immersed in the presence 
of Ca2+ cations (solution III), the interface pH showed similar values to the HP-Mg and Mg-
2Ag (T4) surfaces but with a higher number of highly active zones. Those zones reached pH 
levels above 8.5 units, and its magnitude differed between the first and the second hour of 
immersion. The more homogeneous interface pH found for the HP-Mg and Mg-2Ag is probably 
related to the high homogeneity of the systems in composition and microstructure and the 
absence of secondary phases and impurities in a significant amount.  
Despite the substantial differences in degradation rates presented for all Mg-based 
materials tested in later section 4.3.2, small differences in the absolute local pH values and 
the substantial differences in the composition and microstructures, the presence of Ca2+ 
cations generated a similar depletion of the local pH environment up to 8.0 – 8.2 units for all 
the materials. The differences in the number of highly active zones can be explained by 
differences in the presence of the impurities or secondary phases, that depending on its 
distribution along the surface might be an essential source for the differences in the absolute 
interface pH values. 
 
Figure 27: Effect of the addition of 2.5 mM of CaCl2·2H2O in Hank´s balanced salt solution (HBSS) composition on 
the in situ interface pH developed on the Mg-2Ag sample. The figure shows two consecutive parallel SIET scans 
above 50 µm above the surface within the first 3 hours of immersion in (red scans) Hank´s balanced salt solution 
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(HBSS, solution I), and in (blue scans) Hank´s balanced salt solution with the addition of 2.5 mM of CaCl2·2H2O 
(solution III). The pink arrow shows a shoulder-shaped artefact on the pH profile generated by the solution flow. 
 
Figure 28: Effect of the addition of 2.5 mM of CaCl2·2H2O in Hank´s balanced salt solution (HBSS) composition on 
the in situ interface pH developed on the Mg-1.2Ca sample. The figure shows two consecutive parallel SIET scans 
above 50 µm above the surface within the first 3 hours of immersion in (red scans) Hank´s balanced salt solution 
(HBSS, solution I), and in (blue scans) Hank´s balanced salt solution with the addition of 2.5 mM of CaCl2·2H2O 
(solution III). The pink arrow shows a shoulder-shaped artefact on the pH profile generated by the solution flow. 
As in previous observations was noticed, the optical appearance of the surface also 
points to differences in the processes happening on the surface. In the case of Mg-2Ag and 
Mg-1.2Ca samples, as well as was pointed before for the E11 system, a darker surface was 
revealed with the degradation in HBSS, while in the presence of Ca2+ cations the surface 
remains closer to the initial bright metallic appearance. The Mg-2Ag sample showed a 
homogeneous dark surface under the immersion in HBSS while for the Mg-1.2Ca the dark 
surface included bright features that can be identified with the microstructural characteristics 
presented in Figure 21(b). In the case of the HP-Mg (Figure 26), this fact is not observable, 
showing similar bright surfaces under both degradation conditions. The importance of the 
presence of Ca2+ cations in the interface environment can also be inferred from the effect of 
the calcium included in the as-cast Mg-1.2Ca system. On one side, the dissolution of the alloy 
seems to provide enough calcium to the local environment to generate the same precipitation 
effect, but in lower magnitude, lowering the interface pH under immersion in HBSS (solution 
I). Moreover, with the presence of Ca2+ cations in the corrosive solution composition, the Ca2+ 
cations originated from the alloy dissolution seems to contribute to the passivation process 
that promoted a higher filiform effect. 
According to all described above, the substantial differences in the dissolution kinetics 
coming form the differences the composition and microstructures analysed, do not have 
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significant influences on the interface pH in contrast to the strong influence of the presence of 
Ca2+ cations in solution. 
4.2.3 Influence of solution exchange on interface pH of Mg 
Due to the faster degradation rate (detailed later in section 4.3.2) and therefore its 
possible faster influence on the local pH environment, the E11 alloy was chosen to show the 
influence of the degradation solution exchange on the interface pH. The surface of the E11 
sample was immersed in HBSS (solution I) and HBSS with the addition of CaCl2·2H2O 
(solution III) under static conditions with a 5 mL solution limited by the degradation cell 
enclosed volume (Figure 14), and under dynamic conditions of 1.5 mL/min of flow rate. Under 
those conditions, four consecutive SIET local pH measurements were performed in parallel to 
the sample surface within approximately the first 120 min of immersion, which translates to 
around 225 mL of degradation solution when dynamic conditions were applied. 
Figure 29 showed the influence of the fluid exchange on the interface pH while the 
surface is immersed in HBSS. The in situ static conditions (Figure 29a) revealed an interface 
pH between 10.0 and 10.8 units. Moreover, the bulk pH presented a shift along the immersion 
time that goes between approximately 7.6 to 8.1 units, highlighted by a dashed black arrow in 
Figure 29(a). In addition, the orange arrow in Figure 29(a) highlights how the edges of the 
sample were revealed as highly active zones with a high local pH. Possibly, this effect is 
potentiated by the static conditions that are not able to absorb the alkalinisation process and 
therefore, the edges of the sample are faded in the pH profile. Moreover, this effect seems to 
affect the expected progression of the bulk pH after every scan. On the other hand, by 
exchanging the HBSS solution with a rate of 1.5 mL/min (Figure 29b), the interface pH dropped 
to 9.8 and 10.0 Under those dynamic conditions, the edge of the sample is better defined as 
showed on the left side of the profiles in Figure 29(b), and the bulk pH is maintained stable 
around 7.6 units. As in previous figures, the effect of the flow direction in the local pH profile 
(highlighted in the microscopy image by a red arrow) fade the right edge of the sample, as 
highlighted by the pink arrow in Figure 29(b). 
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Figure 29: Comparison of the in situ interface pH developed on the E11 sample under immersion in Hank´s 
balanced salt solution (HBSS, solution I) within the first two hours of immersion revealed by four consecutive 
parallel SIET scans under a) static conditions in a chamber with an approximate volume of 5 mL at 30 µm above 
the surface and b) dynamic conditions with a flow rate of 1.5 mL/min at 10 µm above the surface. The direction of 
the flow for the scans presented in (b) is indicated by the red arrow placed on the in situ digital image. The pink 
arrow shows a shoulder-shaped artefact on the pH profile generated by the solution flow. The black dashed arrow 
in (a) the increase of the bulk pH over the immersion time. 
When the E11 surface was exposed to the presence of Ca2+ cations (solution III), the 
interface pH showed no apparent differences when the static (Figure 30a) and the dynamic 
conditions (Figure 30b) were applied. However, an increase in the bulk pH was noticed 
between the first scan, performed within the first 40 min, and the subsequent ones, when the 
static conditions were applied (black dashed line in Figure 30a). On the contrary, under the 
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dynamic conditions presented in Figure 30(b), the bulk solution pH remains stable at around 
7.6 units within the immersion time. 
 
Figure 30: Comparison of the in situ interface pH developed on the E11 sample under immersion in Hank´s 
balanced salt solution (HBSS) with the addition of 2.5 mM of CaCl2·2H2O (solution III) within the first two hours of 
immersion revealed by four consecutive parallel SIET scans under a) static conditions in a chamber with an 
approximate volume of 5 mL at 10 µm above the surface and b) dynamic conditions with a flow rate of 1.5 mL/min 
at 30 µm above the surface. The direction of the flow for the scans presented in (b) is indicated by the red arrow 
placed on the in situ digital image. The orange arrows point to higher interface pH areas that were connected with 
a high hydrogen evolution. The black dashed arrow in (a) the increase of the bulk pH over the immersion time. 
Figure 31 shows two perpendicular SIET profiles performed from a distance of 1000 
µm down to the surface during the in situ degradation of an E11 sample in HBSS (solution I). 
The profiles depicted show the difference between the local pH between static conditions and 
the dynamic conditions of 1.5 mL/min described previously. The revealed profile under static 
conditions (red profile in Figure 31) was performed within the first 2.5 hours of immersion, 
revealing a final interface pH of 10.8 units. The high local pH value on the surface decreases 
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progressively until reaching the stable pH of the bulk solution at around 8.9 units along with a 
diffusion layer that extends 700 µm over the surface. When a flow rate of 1.5 mL/min was 
applied (blue profile in Figure 31), the local pH profile performed within the first 3.5 hours of 
immersion revealed lower pH values along with the whole profile and reaching a final interface 
pH of 10.0 units. In the same way, as under static conditions, the value of the local pH 
decreases from the surface until the bulk conditions (pH 7.8) along with a diffusion layer of 
700 μm. It should be noted that in the closest part to the surface, the pH values presented a 
plateau that is not mentioned when the diffusion layer is described in the literature. 
Traditionally, the mass transfer at the nearest volume of the surface is ruled by the diffusion 
processes describing a linear behaviour as presented in Figure 6. This plateau can be 
described as a volume of the solution where the pH is stabilised or saturated by possibly the 
precipitation/dissolution process generated on the surface and the buffer capacity of the 
solution. Therefore, is possibly a portion of the solution in which exist a particular 
supersaturation situation. However, the necessary processes of nucleation and crystal growth 
do not promote the net precipitation process, that is only favoured at the surface. 
 
Figure 31: Comparison of two perpendiculars in situ local pH profiles performed from 1 mm above the E11 surface 
until crashing the microelectrode on the surface. Both profiles were performed within the first three hours of 
immersion (the immersion time referenced in the figure corresponds to the moment when the microelectrode 
crashed the surface) in Hank´s balanced salt solution (HBSS, solution I) under (red profile) static conditions in a 
chamber with an approximate volume of 5 mL, and (blue profile) under dynamic conditions with a flow rate of 1.5 
mL/min. The figure identifies three different areas above the surface with different pH environment: the interface 
pH, the pH diffusion layer, and the bulk pH. 
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Therefore, the renewal of the corrosive solution has a direct impact on the bulk solution 
pH and therefore can better mimic the physiological homeostasis that can be extended also 
to the ionic composition of the relevant ions (e.g. Ca2+, Mg2+, HCO3-, HPO42-). The increased 
mass transfer also affected the pH profile in the diffusion layer and the interface pH value, 
revealing that the local surface environment is also modified by the flow applied. Under static 
conditions, the lower alkalinisation generated by the presence of the Ca2+ cations is absorbed 
by the mass transfer and the V/A ratio applied. This situation promotes the same interface pH 
values than under dynamic conditions. 
4.2.4 Current status of the interface pH measurements on Mg degradation 
Apart from the few recent works defining the local surface environment, the results 
presented in those works differ with the ones presented in the previous sections even though 
those degradation test were also performed under Ca2+-containing simulated body fluids. The 
degradation of high-pressure torsion deformed (HPT) Mg-0.6Ca and Mg-0.9Ca in no-buffered 
Ringer's solution (NaCl, KCl and CaCl2) by Mareci et al. [184], showed similar interface pH 
values just an initial period of lower local interface pH within the first 200 minutes of immersion 
and just for the Mg-0.6Ca system. However, longer immersion times showed a significant 
increase in the interface pH between 10 and 11.2 units. The absence of the HCO3- and HPO42- 
in the Ringer´s solution, fully justify the higher interface pH values found in the cited work. 
Besides, the static conditions applied generate a limited buffer capacity and therefore promote 
the increasing alkalinisation of the bulk solution that with the immersion time can affect the 
interface pH. Also, the limited degradation solution volume and the constant degradation 
products layer formation can generate a drop in the solution dissolved CO2 coming from the 
atmosphere that initially can provide a carbonate source for the degradation products layer. 
The results of interface pH reported by Jamali et al. [225] on the degradation of AZ31 
under static conditions in SBF containing Ca2+, HCO3- and HPO42- with HEPES (4-(2-
Hydroxyethyl)piperazine-1-ethane sulfonic acid) as a buffering agent, showed slight 
differences with the local pH value observed in the present work. The values up to 11.9 pH 
units found by Jamali et al. [225] is in agreement with the highly active zones showed in Figure 
25. However, the local pH values corresponding with no especially active zones presented by 
S. Jamali revealed a pH of 9.6 -9.8 that differ in more than one pH unit with the values 
measured in the present work in the presence of Ca2+ cations (Figure 25). Those 
discrepancies are unlikely resulting from differences in the scanning surface distance since 
the perpendicular profiles presented in Figure 31 presents a difference of less than 0.1 pH unit 
between scanning distances of 10 and 50 µm above the surface. 
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Therefore, the higher interface pH values found in the literature in the presence of Ca2+ 
cations can be explained by the following factors: 
i) A substantially bigger electrode diameter like the Ir/IrOx probe (195 µm) used by Jamali 
et al. [225], in contrast with the 2 µm diameter microelectrode used in the present work, 
can obstruct the local diffusion/convection processes, leading to a local OH- ion 
accumulation and therefore reveal higher interface pH values. 
ii) The potential dependency of the Ir/IrOx probe on the local concentration of O2 and H2 
could affect the pH values measured in [185]. 
iii) The SCEM measurements conducted by Jamali et al. [225] were performed under 
static conditions in contrast to the measurements performed under dynamic conditions 
in the present work. As is presented in section 4.2.3, the influence of dynamic 
conditions leads to a difference of 0.8 pH units at the interface when a flow rate of 1.5 
mL/min is applied in comparison with the static conditions. Therefore, the limited mass 
transfer between the surface and the bulk medium generated by the static conditions, 
lead to higher levels of alkalinisation at the interface, which is aggravated with the 
immersion time due to the dependency of the buffer capacity with the volume [148]. 
iv) As later developed in section 5.2, due to the limited amount of Ca2+, HCO3- and HPO42- 
of a static immersion set-up, the solution concentrations can decrease during the 
degradation products layer formation leading to different precipitation process on the 
surface that can generate a less protective degradation products layer with a 
composition that provide different buffering capacity. 
v) Moreover, finally, but no less critical, the buffer activity provided by the addition of 
HEPES has been reported to actively alter the process of magnesium degradation 
under physiological conditions [118,226,227]. The addition of HEPES actively 
suppresses the local alkalinisation process from the beginning of the degradation 
process, promoting a faster magnesium degradation. The increase of the ionic strength 
by the HEPES addition [228,229] decrease the ionic activities of the electrolytes 
inhibiting or delaying the phosphates and carbonates formation and therefore limiting 
the protective degradation formation [230]. A possible reactivity with Mg(OH)2 
decreasing the effectiveness of the protection of this compound on the surface, and 
the possibility of an Mg2+-HEPES complexation at the high local Mg2+ concentrations 
[107] might also be responsible for an enhancing of the degradation rate and end to a 
higher pH environment at the interface. Therefore, the additional fast absorption of the 
alkalinisation process in the surface environment and the destabilisation of the 
degradation products layer will promote higher degradation rates that might be 




Figure 32: Influence on the in situ local interface pH developed on the E11 sample under immersion in 
Hank´s balanced salt solution with the addition of 2.5 mM of CaCl2·2H2O and 75.1 mM of HEPES as a 
buffering system (solution VIII). The figure presents four consecutive parallel SIET scans performed under 
dynamic conditions (1.5 mL/min) at 20 μm above the surface within the first 3.5 hours of immersion. 
To evaluate the influence of HEPES on the interface pH by the SIET set-up used 
in the present work, SIET parallel scans were performed on the same E11 sample 
under immersion in HBSS with the addition of CaCl2·2H2O and the same flow rate 
previously applied (1.5 mL/min) but with the addition of HEPES (solution VIII). The 
results, shown in Figure 32, reveal that HEPES generate slightly lower bulk pH values 
(around pH 7.5) in contrast with the pH close to 8 presented in Figure 25. 
On the other hand, the addition of HEPES shows a dynamic effect on the 
interface pH over the immersion time, that does not show up in its absence. Initially, 
until 1 hour of immersion, the interface pH shows values between 8.8 and 11.0, with 
an irregular surface activity revealed by high hydrogen evolution. After 1 hour of 
immersion, the interface pH becomes progressively lower and more regular along the 
surface until reach homogeneous values all over the surface around pH 8.3 after 3.5 
hours of immersion, that are in agreement with the values presented in Figure 25. 
Therefore the addition of HEPES seems to partially inhibit the precipitation 
process revealed in Figure 24 by DVIT that promote the low interface pH in the 
presence of Ca2+ cations. Under dynamic conditions where the solution concentrations 
exposed to the sample are constant, longer immersion times allows a slower building 
up of the protective degradation products layer during the immersion time. In contrast, 
under static conditions, a limited amount of relevant ions (e.g., Ca2+, HPO42-) that can 
build up the protective degradation products layer, and the constant alkalinisation 
process that might consume part of the HEPES buffer capacity, promotes a higher 
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interface pH. Therefore, the presence of HEPES distorts precipitation mechanisms that 
are expected to happen under physiological conditions. 
4.3 Influence of Ca2+ cations on the degradation products layer and degradation rate 
Previous results pointed to the critical influence of the presence of the Ca2+ cations in 
the degradation solution modifying the interface pH environment significantly. Therefore, the 
characterisation of the degradation products layer composition under those conditions is 
necessary to describe an essential part of the degradation mechanism under simulated 
physiological conditions. 
4.3.1 Microstructural considerations and degradation products layer 
The microstructure of the E11 alloy with nobler (Gd, Nd-rich secondary and segregated 
areas) and less noble areas (α-Mg) is ideally suitable to observe changes in the degradation 
microstructure on the microscale, that cannot be readily observable for a refined, fully 
solubilised alloying or for pure Mg microstructures. According to that, the optical images 
included in Figure 33 revealed the differences in the degraded microstructure of E11 sample 
after the degradation process which took place during the in situ SIET measurements under 
HBSS in Figure 22(a) and under HBSS with the addition of CaCl2·2H2O in Figure 23(b). 
Under dynamic degradation in HBSS (solution I), the E11 surface (Figure 33a) 
revealed a degradation morphology defined by two different areas. According to the 
microstructure analysis exposed in section 4.1 and the SEM/EDX analysis presented in Figure 
34, the heterogeneous morphology shows an apparent not degraded and well-defined 
cathodic areas (Gd, Nd-rich intermetallics / Gd, Nd-segregated areas) and highly degraded 
dark areas that revealed an anodic behaviour (primary α-Mg dendrites) areas. The addition of 
CaCl2·2H2O to the HBSS composition (Figure 33b) led to fewer differences between the 
degradation of the cathodic and anodic features of the E11 microstructure. Those changes 
were only visible under polarised light due to the differences in the reflected light between the 
flat metallic surface and the precipitates on the surface. Under this polarised light, the primary 
α-Mg dendrites showed a slight degradation process and were covered with a precipitate that 
appears in green tones (Figure 33b). On the other side, the presence of Ca2+ cations led to 
the promotion of a filiform degradation process, marked with a blue arrow in Figure 33b. This 
filiform degradation morphology was observed for all the alloying systems, as presented later 




Figure 33: Changes in the degradation morphology revealed on the E11 surface as a result of the dynamic 
immersion (1.5 mL/min) in a) Hank´s balanced salt solution (HBSS, solution I) and b) Hank´s balanced salt solution 
with the addition of 2.5 mM of CaCl2·2H2O (solution III). Subsequent images (1 - 4) show the magnification of the 
highlighted areas in images a) and b). 
To investigate in detail the degradation products layer morphology and composition, 
BSE-SEM/EDX analysis was performed on the degradation product layers generated on an 
E11 sample after 3 hours of dynamic immersion in HBSS and HBSS with the addition of Ca2+ 
cations (see Figure 34). The degradation of the E11 in HBSS (Figure 34a-c) showed the 
cracked morphology of the degradation products layer generated on the α-Mg dendrites due 
to the drying process after immersion, and the apparently no degradation process on the Gd, 
Nd-rich areas involving secondary phases and surrounding segregated zones. The 
composition of the degraded α-Mg areas shown in the point 1 and 3 in (see Table 11), revealed 
an enrichment on Gd, O, and P of the degradation products layer, with respect to the α-Mg 
composition presented in the point 2 of Table 10. Besides the apparent non-degradation of 
the areas with a more cathodic behaviour, the EDX analysis performed on point 2 (see Table 
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11) revealed an increased composition in O and P with a significant accumulation of Gd, 
compared to the relative composition presented in point 4 (Table 10). This analysis point to a 
possible slight degradation/dealloying process of the anodic element content (e.g. Mg) and 
the accumulation of cathodic elements (e.g. Gd) as was presented for the intermetallic phase 
in the Mg-Zn-Ca system by Cihova et al. [231]. 
 
Figure 34: Change in the degradation morphology revealed by backscattered scanning microscopy (BSE) on the 
E11 alloy as a result of three hours of dynamic immersion (1.5 mL/min) in (a – d) Hank´s balanced salt solution 
(HBSS, solution I) and in (e – h) Hank´s balanced salt solution (HBSS) with the addition of 2.5 mM of CaCl2·2H2O 
(solution III). The areas highlighted in orange were analysed by energy dispersive x-ray spectroscopy (EDX) and 
the relative chemical composition is detailed in Figure 35 and Table 11. 
The results of the EDX analysis 4 are shown in Figure 35. The relative compositional 
profiles revealed the enrichment in Gd, P, and O of the degradation products layer with regards 




Figure 35: Chemical analysis performed by energy-dispersive x-ray spectroscopy (EDX) on the cross-section (4) 
presented in Figure 35 (c) of the E11 sample after 3 hours of immersion in Hank´s balanced salt solution (HBSS, 
solution I)   
With the presence of Ca2+ cations in the HBSS composition (see Figure 34d-f), the 
primary α-Mg dendrites showed a lower degradation process. The analysis of the degradation 
products layer (analysis 5, Table 11) revealed an enrichment on Gd and O but and Ca content 
respective to the alloy composition. The relative proportion of P precipitated was decreased 
concerning the degraded α-Mg matrix in HBSS. Moreover, the degradation products layer 
formed after 3 hours of immersion in the presence of Ca2+ cations was not thick enough to be 
able to investigate the cross-section by conventional BSEM or by EDX. 
Table 11: Relative chemical analysis in wt.% by energy-dispersive x-ray spectroscopy (EDX), of the scanned 
points indicated in Figure 34. 
 Mg Gd Nd Ca P O Na C Cl Si 
1 42.3 15.1 0.4 0.2 6.1 29.8 - 6.0 - - 
2 70.6 20 - 0.2 1.1 7.0 1.0 0 0.1 - 
3 63.9 10.1 - 0.2 2.0 17.0 1.2 5.5 0 - 
5 66.5 10.9 - 1.0 1.6 15.5 0.7 - 1.4 1.4 
The inspection of the Mg-2Ag surface after 3 hours of immersion in HBSS (solution I) 
and HBSS with the addition of CaCl2·2H2O (solution III) under dynamic conditions, is shown 
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in Figure 36. The surface morphology was optically identified as a homogeneous dark surface 
under the immersion in HBSS and a brighter surface with dark filiform degraded regions in the 
case of the immersion in HBSS with the addition of CaCl2·2H2O (solution III). This 
homogeneity of the degraded surface can be easily associated with the homogeneous 
microstructure exposed in Figure 20, in which no secondary phases were present in contrast 
to the E11 system. 
 
Figure 36: Change in the degradation morphology revealed by backscattered scanning microscopy (BSE) on the 
Mg-2Ag alloy as a result of three hours of dynamic immersion (1.5 mL/min) in (a – d) Hank´s balanced salt solution 
(HBSS, solution I) and in (e – h) Hank´s balanced salt solution (HBSS) with the addition of 2.5 mM of CaCl2·2H2O 
(solution III). The areas highlighted in orange were analysed by energy-dispersive x-ray spectroscopy (EDX), and 
the relative chemical composition is detailed in Table 12. 
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The details revealed by SEM showed the remaining marks from the surface 
preparation by the grinding process. The EDX analysis performed over the surface (point 1 in 
Table 12) revealed precipitation of O, P, and C. Moreover, a concentration of Ag was also 
denoted in the degradation products layer concerning the composition given for this alloy (see 
Table 7), possibly related with the 0.5 – 1.5 μm star-like bright precipitates disseminated all 
over the surface. 
After immersion in HBSS with the addition of CaCl2·2H2O ions, the bright surface 
shows under the BSEM two areas with different degradation morphology on which globular 
precipitates were present in different density. Areas with a general degradation process 
pointed with a black arrow in Figure 36(e), can be described as areas with some zones aligned 
in parallel to the cutting marks that present a higher degradation process (see Figure 36f, g). 
Those areas present an increased relative composition in O, Ca, P and Ag, as was revealed 
by a comparison between the analysed points 7 and 8 in Table 12. The second degradation 
feature corresponds to areas undergone an aggressive filiform process and are pointed by a 
white arrow in Figure 36(e). Those areas, as denoted in previous dynamic immersion tests of 
the E11 surface, present a rough morphology characterised by a high density of the globular 
precipitates and a significant increase of Ca, P, O, C relative composition and for this alloy 
also in Ag, in contrast with other areas of the sample, as shows the analysis of point 4  (see 
Table 12). 
Table 12: Relative chemical analysis in wt.% by energy-dispersive x-ray spectroscopy (EDX), of the scanned 
points indicated in Figure 36. 
 Mg Ag Gd Nd Ca P O Na C Cl Si K 
1 57.0 3.3 - - - 1.1 27.8 1.2 9.5 0.1 0.2 - 
2 64.2 1.5 - - 1.3 1.3 18.9 1.0 11.3 0.3 0.1 - 
3 34.6 3.8 - - 4.3 3.1 33.9 0.8 17.9 0.9 0.4 0.2 
4 14.9 0.5 - - 9.9 5.2 43.8 0.9 23.4 0.4 0.7 0.1 
In order to quantify in a more extensive way, the differences in the composition of the 
degradation products layer, a relative quantification and elemental distribution mapping were 
performed by µ-XRF, on the whole surface of the E11 (see Figure 37) and Mg-2Ag (see Figure 
38) samples after 3 hours of dynamic immersion. The results presented in Figure 37 (up) 
under immersion in HBSS shows the previously denoted increase in the concentration of Gd 
on the degradation products layer. On the other hand, the P relative concentration, besides a 
not perfectly homogeneous distribution, possibly points to a phosphate-based degradation 
products layer. This inhomogeneity in the P distribution might be associated with differences 
79 
 
in the degradation degree in the sample since the areas with a higher concentration in P can 
be correlated with the visible more degraded upper part of the sample in the optical image. 
The homogeneity Ca distribution corresponds to the Ca included in the alloy composition and 
its integration in the degradation products layer. In the presence of Ca2+ cations Figure 37 
(down), the homogeneity of a lower degraded appearance surface is interrupted by the filiform 
degraded areas. The pattern showed by the elemental distribution of Ca, P and Mg show the 
co-precipitation process with a Ca/P ratio of 0.8. 
 
Figure 37: Chemical element distribution and elemental relative quantification in wt.% of the degradation products 
layer generated on an E11 alloy after 3 hours of dynamic immersion (1.5 mL/min) in (up) Hank´s balanced salt 
solution (HBSS, solution I) and (down) HBSS with the addition of 2.5 mM of CaCl2·2H2O (solution III), performed 
by µ-XRF. 
The µ-XRF analysis performed on the Mg-2Ag degraded surface showed the same 
precipitation characteristics. Under the degradation in HBSS, the degradation products layer 
is characterized by correlation of the areas with a high relative concentration of P and the low 
Mg concentration areas. Therefore, pointing as in the case of the E11 alloy to degradation 
products layer based on P. The presence of Ca is associated with the content coming from 
the primary magnesium production [232]. In the case of the degradation under HBSS with the 
presence of Ca2+ cations, the areas with a higher degree of degradation identified with a lower 
concentration of Mg can be correlated in this case with areas in which there is a higher 
concentration of P and Ca. In the case of this alloy, the precipitation process shows a Ca/P 




Figure 38: Chemical element distribution and elemental relative quantification in wt.% of the degradation products 
layer generated on an Mg-2Ag alloy after 3 hours of dynamic immersion (1.5 mL/min) in (up) Hank´s balanced salt 
solution (HBSS, solution I) and (down) HBSS with the addition of 2.5 mM of CaCl2·2H2O (solution III), performed 
by µ-XRF. 
According to the previous characterisation results, different precipitation phenomena 
involving precipitation of P or Ca-P “co-precipitation” have been identified for the degradation 
under HBSS (solution I) and HBSS with the addition of CaCl2·2H2O (solution III) respectively. 
Since the precipitation phenomena were found to be similar for the degradation of two entirely 
different systems like the E11 and the Mg-2Ag, this process can be assumed for the rest of 
the alloys except for the accumulation of the respective alloying elements. 
In order to reveal the composition and structure of the degradation products 
responsible of the different precipitation mechanism in the presence or absence of Ca2+ 
cations the analysis of the degradation products layer by glancing angle X-ray diffraction 
analysis were performed at α = 1° on the degradation products layer generated on the HP-
Mg, Mg-1.2Ca, E11 and Mg-2Ag surfaces. The degradation products layer analysed was 
generated on the samples after 3 hours of immersion under dynamic conditions (1.5 mL/min) 
in HBSS (solution I) and HBSS with the addition of CaCl2·2H2O (solution III). The glancing 
angle x-ray diffraction patterns presented in Figure 39 reveals differences in the crystalline 
compounds precipitated on the surface between the different alloys. However, no differences 
in the crystalline products were found by comparing the same alloy system in the presence or 




Figure 39: Grazing angle x-ray diffraction (GAXRD) patterns performed at 1° of incidence on the degraded surfaces 
of the HP-Mg, Mg-2Ag, Mg-1.2 Ca and E11 samples, after 3 hours of dynamic immersion (1.5 mL/min) in a) Hank´s 
balanced salt solution (HBSS, solution I), and b) HBSS with the addition of 2.5 mM of CaCl2·2H2O (solution III). 
The segmented lines correspond to the diffraction lines of pure Mg, that were the only ones identified on the HP-
Mg and the Mg-1.2Ca samples. 
The diffraction patterns generated by the HP-Mg and Mg-1.2Ca surfaces under HBSS 
or HBSS with the addition of CaCl2·2H2O did not confirm the presence of any crystalline 
compound apart from the diffraction peaks that correspond to the crystalline Mg structure. The 
degradation products layer generated on E11 under both corrosive solution compositions 
(HBSS and HBSS with Ca2+ cations) shows a diffraction pattern matching a calcite structure, 
possibly with calcium (Ca) atoms partially substituted by magnesium [Ca, Mg]CO3. Moreover, 
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the degradation products layer generated on Mg-2Ag shows broad peaks pointing to the 
presence of Mg(OH)2 with brucite structure, and a peak about θ = 21.4° that possibly can be 
assigned to a magnesium phosphate with stoichiometry Mg2KPO4. It is worth mentioning that 
the relative intensity between the magnesium diffraction peaks and the ones corresponding 
the precipitated crystalline compounds (Mg(OH)2, [Ca, Mg]CO3 and Mg2KPO4) is not the same 
under both corrosive environments (HBSS and HBSS with Ca2+ cations), possibly due to 
differences in the degradation products layer thickness.  
 
Figure 40: FTIR-ATR analysis of the degradation product layer (DPL) of Mg-2Ag generated after 3 hours of dynamic 
immersion (1.5 mL/min) in different degradation solutions with different composition in Ca2+, HCO3- and HPO42- 
according the labels next to each spectra and which full composition is presented in Table 9. The figure presents 
the FTIR-ATR spectra under immersion in solution VI (Pink spectra: NaCl, KCl, CaCl2·2H2O, Na2HPO4, KH2PO4, 
glucose), under solution VII (Black spectra: NaCl, KCl, CaCl2·2H2O, NaHCO3, glucose), solution V (Yellow spectra: 
NaCl, KCl, CaCl2·2H2O, glucose). 
The absence of crystalline compounds in the degradation products layer found on as-
cast HP-Mg and as-cast Mg-1.2Ca and the differences in the crystalline compounds found for 
the E11 and Mg-2Ag suggest that the precipitation process that promotes the decrease in the 
interface pH is generated by different compounds than the ones identified by glancing angle 
X-ray diffraction. As exposed in section 1.4.2, under BEF fluid compositions, amorphous 
phases like ACP can be present in the first moments of the biomineralisation process and be 
precursors for subsequent crystalline phases. Therefore, the analysis of the degradation 
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products layer by FTIR-ATR can provide information about precipitation of amorphous or 
nanostructured phases, that might be the key to the precipitation mechanism under study. 
In order to identify the contribution to the degradation products layer composition of 
the presence of Ca2+, HCO3- and HPO42-, the degradation of Mg-2Ag samples was performed 
under simplified degradation solutions based on the HBSS composition (solution V, VI, and 
VII in Table 9) under 3 hours of dynamic conditions (1.5 mL/min). Due to the presence of 
glucose in the HBSS composition (solution I), this component was added in all degradation 
solutions as the only organic phase present. Considering the same contribution of the glucose 
in the IR signal for all the degradation solutions, the presented infrared spectra will bring 
information about the inorganic polyatomic ions present in the degradation products layer. 
The degradation under solution V (yellow spectra) containing Cl-, Na+, K+, Ca2+ ions 
and glucose, present a very low relative intensity of the 𝜈3(𝐶𝑂3
2−) and 𝜈2(𝐶𝑂3
2−) absorption 
bands, compared with the 𝜈(𝑂 − 𝐻) band at 3696 cm-1. The presence of the 𝜈3(𝐶𝑂3
2−) and 
𝜈2(𝐶𝑂3
2−) bands might be related to the presence of the glucose and the reaction between the 
CO2 dissolved and the Ca2+ cations in solution. The intense and sharp band at 3696 cm-1 might 
be associated to the O-H bonds present in glucose molecules, but can also result of the 
contribution of the A2u infrared active mode of Mg(OH)2 [233,234]. The broadband between 
3200 and 3500 cm-1 and the band at 1640 cm-1 can be assigned to absorption bands 
associated with the O-H stretching and H-O-H bending bands of hydrated phases [235]. The 
double band presented at 2360-2336 cm-1, belongs to the difference between the atmospheric 
CO2 in the background and the one adsorbed onto the sample. 
The black spectra obtained under degradation in solution VII in the presence of Cl-, 
Na+, K+, Ca2+, and HCO3- ions. The significant increment in the intensity of the 𝜈3(𝐶𝑂3
2−) mode 
at 1462 cm-1, as well as the presence of the low intensity 𝜈1(𝐶𝑂3
2−) mode at 1083 cm-1, and 
the sharp 𝜈2(𝐶𝑂3
2−) band at 854 cm-1 point to the influence of the HCO3- ions in the degradation 
products layer. Those bands have been previously identified as characteristic bands belonging 
to the vibrational modes of the carbonate molecule in amorphous and anhydrous MgCO3 
[236]. In addition, the less relative intensity of the sharp band at 3696 cm-1 in comparison with 
the (𝐶𝑂3
2−) corresponding bands, points to the importance of the presence of Mg and Ca 
carbonates on the outer part of the degradation products layer. 
The pink colour spectra generated under immersion in solution VI present the influence 
of the presence of Cl-, Na+, K+, Ca2+, and HPO42- ions. In contrast to the bands previously 
presented, broadband appears around 1033 cm-1 corresponding to the combination of the 
𝜈3(𝑃𝑂4
3−) and 𝜈1(𝑃𝑂4
3−) modes, as described in [237–240]. The corresponding 𝜈3(𝐶𝑂3
2−) and  
𝜈2(𝐶𝑂3
2−) bands appear with considerably lower relative intensity comparing with the 𝜈(𝑂 − 𝐻) 
sharp band at 3696 cm-1, possibly due to a small presence of glucose and perhaps to low 
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precipitation of carbonates due to the atmospheric CO2 dissolved in the solution in the outer 
part of the degradation products layer. 
 
Figure 41: FTIR-ATR analysis between 2000 and 700 cm-1 of the degradation product layer (DPL) of Mg-2Ag 
generated after 3 hours of dynamic immersion (1.5 mL/min) under (red spectrum) HBSS (solution I) composition, 
and (blue spectrum) HBSS with the addition of 2.5 mM CaCl2·2H2O (solution III). The figure highlight with dashed 
lines the relative intensity between the 𝜈3(𝐶𝑂3
2−)𝐵 and the combination of the 𝜈1(𝑃𝑂4
3−) and 𝜈3(𝑃𝑂4
3−) vibrational 
bands, showing the influence of the addition of CaCl2·2H2O to the HBSS composition on the composition of the 
outer part of the degradation product layer. In addition, the figure includes the spectra presented in Figure 40. 
To identify the influence of the addition of CaCl2·2H2O to the degradation solution in 
the presence of HCO3- and HPO42-, Figure 41 presents a magnification of the spectra 
presented in Figure 40 between 2000 and 700 cm-1. By comparison of the red spectra 
corresponding to the degradation process under HBSS (solution I), and the blue spectra under 
HBSS with the addition of CaCl2·2H2O (solution III), an increase of the relative intensity of the 
𝜈3(𝑃𝑂4
3−) with respect to the 𝜈3(𝐶𝑂3
2−) absorption bands is visible with the presence of Ca2+. 
This point to a higher presence of phosphate-containing phases, at least in the outer part 
degradation products layer, due to the limited depth of this analysis technique. 
To compare the effect of the presence of the Ca2+ cations on the phosphates-
carbonates relative precipitation between two different alloying systems, the FTIR-ATR 
analysis presented in Figure 42 were performed on the degradation products layer of E11 and 
Mg-2Ag after 3 hours of immersion in HBSS (solution I) and HBSS with Ca2+ cations (solution 




Figure 42: Compositional differences of the outer part of the degradation product layer generated on the E11 (blue) 
and the Mg-2Ag (red) after 3 hours of dynamic immersion (1.5 mL/min) in (solid lines) Hank´s balanced salt solution 
(HBSS, solution I) and (dashed lines) HBSS with the addition of 2.5 mM CaCl2·2H2O (solution III). 
The previous higher relative intensity of the 𝜈3(𝑃𝑂4
3−) band with respect to the 𝜈3(𝐶𝑂3
2−) 
band showed for the Mg-2Ag alloy when Ca2+ cations are present, is presented in the red 
coloured spectra in Figure 42. On the contrary, the degradation products layer on the E11 
surface (blue spectra), revealed the opposite situation with a higher relative intensity of the 
𝜈3(𝐶𝑂3
2−) band with respect to the 𝜈3(𝑃𝑂4
3−) band in the presence of Ca2+ cations. The high 
noise level presented between 3500 and 4000 cm-1 and between 1750 and 1500 cm-1 
corresponds to the signal of water vapour that comes up if the concentration of the compounds 
is very low and the thickness of the degradation products layer is below the penetration depth 
of the IR system. 
According to the results presented in Figure 42, the degradation products layer on E11 
presents a different composition that results in the same lower interface pH than for the Mg-
2Ag and the rest of the alloys. To investigate this complex precipitation process, the progress 
of the relative intensity of between the 𝜈3(𝑃𝑂4
3−) and 𝜈3(𝐶𝑂3
2−) bands were monitored on E11 
samples after 10 minutes, 1 hour, and 3 hours of immersion in HBSS (solution I) and HBSS 
with the addition of CaCl2·2H2O (solution III). After 10 minutes of immersion in HBSS (solution 





2−) bands. After 1 hour of immersion, the relative intenstity of the 𝜈3(𝑃𝑂4
3−) band 
showed a strong increase that remain until 3 hours of immersion. Under immersion in HBSS 
in presence of Ca2+ cations (solution III), from the first 10 minutes until 1 hour of immersion 
the 𝜈3(𝑃𝑂4
3−) band shows a significant higher relative intensity compared with the 𝜈3(𝐶𝑂3
2−) 
band. But after 3 hours of immersion, the relative intensities of both bands 𝜈3(𝑃𝑂4
3−) and 
𝜈3(𝐶𝑂3
2−) reach the same intensity. 
 
Figure 43: FTIR-ATR analysis of the degradation product layer (DPL) generated at different immersion times ( 10 
minutes, 1 hour and 3 hours) on the E11 surface generated after 3 hours of dynamic immersion (1.5 mL/min) in a) 
Hank´s balanced salt solution (HBSS, solution I) and b) HBSS with the addition of 2.5 mM CaCl2·2H2O (solution 
III). 
According to the results described above, the immersion of E11 in HBSS (solution I) 
generates an initial precipitation process based on carbonates and phosphates, then follows 
a phosphates dominant precipitation process that continues at least until 3 hours of immersion. 
The immersion in HBSS with the addition of CaCl2·2H2O (solution III), generates a fast-initial 
phosphates dominant precipitation that lasts at least between the first and the third hour of 
immersion and leads to later carbonates dominant precipitation process. This phosphate 
precipitation phenomena in the presence of Ca2+ cations can be correlated with the 
precipitation responsible for the low interface pH identified by SIET, and that is developed from 
the beginning of the immersion as revealed by the DVIT investigations. According to what was 
exposed in section 1.3.2, those precipitation processes depend on the concentration and pH 
developed on the surface environment. Therefore, magnesium-based materials with different 
degradation kinetics (different degradation rates) might promote the changes in the 
precipitation process exposed in Figure 43 in different times of the immersion. This may be 
the reason that justifies the differences shown in Figure 42 between E11 and Mg-2Ag (T4) for 
the 𝜈3(𝑃𝑂4
3−) and 𝜈3(𝐶𝑂3
2−) bands relative intensity. 
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4.3.2 Degradation rate by mass loss and Hydrogen evolution 
The previous results showed a strong difference in the interface pH environment when 
Ca2+ cations are present in the degradation media. Moreover, section 1.3.2 exposed the 
influence of the Ca2+ cations on the degradation rate of magnesium-based materials. To 
evaluate the magnitude of the effect of the addition of the Ca2+ cation on the degradation rate, 
hydrogen evolution (Figure 44) and mass loss (Figure 45) were measured for HP-Mg, Mg-
2Ag, Mg-1.2Ca and E11. The critical effect of the presence of the Ca2+ cations in the simulated 
body fluids composition on the interface pH and the differences in the degradation products 
layer composition is the reason why the degradation rate was evaluated for the Mg-based 
materials under immersion in HBSS (solution I) and HBSS with the addition of CaCl2·2H2O 
(solution III). 
The presence of Ca2+ cations in the HBSS composition (solution III) shows a 
considerable decrease in the accumulated hydrogen over the whole immersion time for all the 
systems (see Figure 44, blue values). The decrease in the hydrogen developed in the 
presence of Ca2+ cations was revealed to be about 1.2 times for the E11 system, 2 times for 
the Mg-2Ag and Mg-1.2Ca systems, and 1.4 times for the HP-Mg. On the other side, the 
presence of Ca2+ cations in the corrosive solution was found to influence the error presented 
by the standard deviation for the hydrogen evolution levels. The significantly higher 
degradation rate generated by the as-cast microstructure of the E11 in comparison with the 
rest of the materials is justified by the inhomogeneity of its microstructure. The nobler 
composition of the secondary phases and segregated zones described in section 4.1 due to 
the higher concentration of Gd and Nd (Nd Eshe = -2.30 V, Gd Eshe = -2.28 V) generate large 
and well defined cathodic areas in the range of the microscopic scale. This promotes the fast 
dissolution of the αMg-matrix with anodic behaviour, as described in section 4.3.1. Also, the 
higher content in Cu and Ni, shown in Table 7, contribute to the high degradation rate of the 
E11 system. The inhomogeneity in the microstructure and possibly in the impurity distribution 
is reflected in the significant error of the hydrogen evolution values, that are masked in the 
graph by the much larger scale in comparison with the rest of the alloys. The significant 
increment of that error when the system was degraded in HBSS with the addition of 
CaCl2·2H2O could be justified by the high susceptibility to the aggressive filiform degradation 
process when the passivation promoted by the Ca2+ cations meet such inhomogeneous 
microstructure. 
The homogeneous structure of the Mg-2Ag obtained by the extrusion and the heat 
treatment dissolving all the silver content into the α-Mg matrix (see Figure 20), mitigates the 
strong capacity of the silver to accelerate the degradation process due to its noble reduction 
potential (Ag Eshe = +0.80 V). Despite this, the solubilised silver in the αMg-matrix accelerates 
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the degradation rate due to a homogeneous galvanic corrosion process generated in the nano-
scale or simply modifying the thermodynamic tendency to dissolve the alloy. Therefore, this 
microstructure and the content of silver justify a higher hydrogen evolution than for the Mg-
1.2Ca and HP-Mg alloys, but less production than for the E11 alloy. Moreover, the 
homogeneous microstructure and composition of this system seem to reduce the sensitivity 
of the local filiform degradation process, since the error of the hydrogen evolution values is 
lower under degradation in HBSS with the addition of CaCl2·2H2O (solution III) than in HBSS 
(solution I). 
Despite the non-homogeneous microstructure of the Mg-1.2Ca system, a low 
degradation rate comparable to the HP-Mg system can be justified by the less harmful addition 
of calcium as (ESHE = -2.80 V), in contrast to the previously described alloying systems. The 
calcium released in the environment coming from the alloy dissolution might have an effect 
decreasing the degradation rate, as in the same way the SIET local pH measurements shown 
in section 4.2.2 revealed a slightly lower interface pH during Mg-1.2Ca degradation in contrast 
to the rest of the alloys. This released calcium might be not enough to switch the environment 
to a lower pH, like the one generated by the 2.5 mM CaCl2·2H2O addition in the degradation 
solution, but possibly enough to provide extra protection of the surface. Therefore, it 
contributes to a lower degradation rate. This low Ca2+ ionic environment might be the reason 
why the hydrogen evolution values under immersion in HBSS (solution I) show significant 
lower errors in comparison with the rest of the systems, including as cast HP-Mg. The increase 
of this error under degradation in HBSS with the addition of CaCl2·2H2O is justified, as for the 
E11 system, by the inhomogeneity of the microstructure and the impurity levels in a passivated 
surface. 
The absence of alloying elements and the higher purity of the as-cast HP-Mg system 
at least in Cu and Ni (see Table 7), justify the lowest hydrogen evolution of all systems 
analysed. The lower impurity levels and the absence of secondary phases, also presented for 
the Mg-2Ag alloy, might also lead to a lower sensitivity to the localised degradation like the 
filiform morphology presented previously in the presence of Ca2+ cations. This fact could 
explain the lower scattering of the hydrogen evolution values presented by the as-cast HP-Mg 
and the extruded (T4) Mg-2Agsystems under immersion in HBSS with the addition of 
CaCl2·2H2O (solution III). But in addition, this scattering is lower than when those material are 




Figure 44: Comparison of the degradation kinetics by the normalised hydrogen evolution curves for the a) E11, b) 
Mg-2Ag, c) Mg-1.2Ca and d) HP-Mg obtained during 80 hours of stirred immersion in (red) Hank´s balanced salt 
solution (HBSS, solution I) and (blue) HBSS with the addition of 2.5 mM CaCl2·2H2O (solution III). 
Due to the fact that the hydrogen evolution was collected at constant intervals of the 
degradation process, the degradation kinetics can be evaluated, and changes in the 
degradation rate can be identified by changes in the slope. Those changes were revealed to 
happen at the same immersion time for both the immersion in HBSS and in HBSS with the 
addition of CaCl2·2H2O in every alloy tested. In contrast to the stationary values of interface 
pH revealed by SIET between at least the first 24 hours of immersion, all the alloys show 
changes in the degradation rate over the immersion time. The Mg-2Ag, Mg-1.2Ca and HP-Mg 
systems, showed an initial high degradation rate within the first 6 – 10 hours of immersion, 
possibly related to the establishment of a stationary state of the degradation products layer. 
This stationary state leads to a stationary degradation rate characterised by a constant slope. 
The Mg-2Ag system shows around 50 hours of immersion a slight drop in the slope developed 
under immersion in HBSS while in the presence of Ca2+ cations the accumulated hydrogen 
remains with constant slope until the 80 hours of immersion. On the other side, the E11 alloy 
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undergoes successive increases in the degradation rate at 2, 10, 22, and 70 hours of 
immersion approximately. 
The mass loss values after 24 hours of immersion under dynamic degradation test (1.5 
mL/min) are presented in Figure 45. The same significant differences, as for the hydrogen 
evolution measurements, were found for the mass loss values between the E11 and the rest 
of the alloys, with a mass loss difference of at least five times higher. The addition of 
CaCl2·2H2O led to a lower mass loss compared to simple HBSS, but with different relative 
ratio than the one obtained in the hydrogen evolution experiments. A low scattering was 
observed for those measurements except for the case of the E11 alloy that again shows a 
higher scattering for the samples immersed in Ca2+-containing HBSS. 
 
Figure 45: Mass loss for all the Mg alloys after 24 hours of dynamic immersion (1.5 mL/min) in simple (red 





5.1 Degradation solution composition and degradation products layer on Mg 
The performance of a metallic degradable biomaterial in a physiological environment 
can be defined by the sum of the dissolution rate of the material, the formation of the 
degradation products layer, and the modification of the near-surface corrosive environment. 
As previously discussed in the Introduction, the physiological environment of an implantation 
site should be described by the physiological fluid composition with its inorganic and organic 
fraction, its volume, the exchange rate of the fluid, and the tissue/cell presence, among the 
mechanical solicitation influences. Among all those contributions, the inorganic fraction of a 
physiological fluid is of vital importance since its contribution to the formation of the 
degradation products layer constitutes the main element delaying the degradation process. 
According to the time scale described by Willumeit-Römer [241], the inorganic fraction is also 
the first fraction interacting with the metallic surface. This interaction starts at the first 
nanoseconds of immersion and is ruled by the hydrophobic, hydrophilic, electrostatic 
interactions and the electrochemistry of magnesium under aqueous solutions. 
Therefore, the inorganic compounds present in the degradation products layer are the 
result of the local environment generated by the dissolution of the alloy, with mainly an 
increase of the pH and Mg2+ ions concentration, and the composition of the physiological fluid 
surrounding the material. This environment rules the heterogeneous precipitation equilibriums 
by the temperature, ionic activities of reagents and products, and the pH, defining the 
thermodynamic condition of saturation that predicts the stability of the different inorganic solid 
phases forming the degradation products layer. Moreover, the kinetic considerations 
concerning the necessary energy of nucleation and crystal growth processes determine the 
final presence of a precipitated phase and also affects its stoichiometry. With the formation of 
the degradation products layer, defined by its duality of composition and morphology, the 
kinetics of magnesium dissolution is modulated by hindering the interaction between the 
degradation solution and the metallic surface. 
5.2 Local pH: Surface and bulk solution environments on Mg 
The dissolution of a magnesium-based material together with the formation of the 
degradation products layer on the surface are phenomena that promote variations in the ionic 
environment of the corrosive solution. These variations originated at the surface (see Figure 
5), in addition with the limitations of the mass transfer between the bulk solution and the 
surface (exposed in section 1.3.2), promote different concentration profiles for different 
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species (products and reactants) in the perpendicular direction to the magnesium surface, as 
schematised in Figure 6. 
Considering the alkalinisation process generated by the production of OH- ions in the 
cathodic reaction (𝑒𝑞. 3), the in situ local pH profiles measured in perpendicular to the 
degraded E11 surface (Figure 30), proved this differentiated environment between the local 
surface and the bulk solution environments. Since this situation is confirmed for a species with 
a high diffusivity as OH- anions (DOH- = 5.28·10-9 m2 s-1), those concentration profiles can be 
assumed for species with lower diffusivity like the Mg2+ ions (DMg2+ = 0.71·10-9 m2 s-1), HCO3- 
(DHCO3- = 1.105·10-9 m2 s-1 [242]), CO32- (DCO32- = 0.92·10-9 m2 s-1 [242]), HPO42- (DHPO42- = 
8.8·1-10 m2 s-1[243]), or PO43- (DPO43- = 5.8·10-10 cm2 s-1 [243]) but in a different extension along 
the perpendicular profile to the surface. 
 
Figure 46: In situ monitor of the bulk pH (mini-FET pH-meter probe at least 5 mm away from the sample) during 72 
hours of static immersion of Mg-2Ag samples under atmospheric conditions at different volume per sample area 
(V/A) ratios of 1 mL/cm2 (red lines) and 12  mL/cm2 (blue lines) in (solid lines) Hank´s balanced salt solution (HBSS, 
solution I) and (dashed lines) HBSS with the addition of 2.5 mM CaCl2·2H2O (solution III). In addition, the bulk pH 
was monitor under immersion at 1 mL/cm2 and a controlled atmosphere of 5 % CO2 (solid green line). 
The constant alkalinisation process accompanying the dissolution of magnesium-
based materials can be defined by a constant release OH- ions from the surface. This 
alkalinisation process shows a fast rate even for high V/A ratios in the absence of an efficient 
buffering system. In situ pH measurements of the bulk degradation solution presented in 
Figure 46, revealed how fast the degradation process of Mg-2Ag can affect the bulk 
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degradation solution under static conditions. This effect is evaluated at different V/A ratios of 
1 and 12 mL/cm2 in HBSS and HBSS with the addition of CaCl2·2H2O at room conditions 
(21°C, 21%O2, 0.03% CO2). In the case of a low V/A ratio like 1 mL/cm2, the system reaches 
the total alkalinisation within the first 6 hours of immersion even in the presence of Ca2+ 
cations. For a ratio of 12 mL/cm2, the initial fast increase of the pH is damped by the higher 
buffer capacity of the higher volume, and for the immersion in HBSS the total alkalinisation is 
reached around 24 hours of immersion. This total alkalinisation value is reached around a pH 
of 10.5 units, value that is similar to the interface pH obtained by SIET for immersion in HBSS. 
The lower alkalinisation values generated in the interface by the addition of Ca2+ cations 
coupled with a high V/A ratio present the same fast initial degradation process, but reaching 
a lower value of total bulk alkalinisation of about 9.5 after 72 hours of immersion that can be 
linked to the interface pH measured by SIET under dynamic conditions. 
The presence of a buffering system strongly modulates the local pH profile during the 
degradation process, as demonstrates the pH profile presented in Figure 46 for HBSS under 
controlled CO2 atmosphere (21°C, 21%O2, 5% CO2). However, the CO2/HCO3- buffering 
system generated by the CO2 atmosphere cannot avoid high levels of alkalinisation of the 
solution at least for the first 54 hours of immersion. In consonance with those measurements, 
Agha et al. [134] presented a similar bulk pH profile for the degradation of Mg-2Ag under cell 
culture conditions in a semi-static set-up over 300 hours. The authors present a constant 
decrease in the bulk pH that is altered by increments of the pH generated by the new solution. 
However, those pH alterations are gradually less severe with the degradation solution 
exchange over the immersion time, due possibly to the progressive stabilisation of the 
degradation products layer. 
 
Figure 47: Interpretation of the evolution over the immersion time of the local pH profiles over magnesium surface 
during the immersion under static conditions (blue), and under dynamic conditions (red), according to the results 
presented in Figure 31. pHint: pH at the interface, pHb: pH at the bulk solution, 𝛿: length of the diffusion layer 




Due to the limitations of the SIET set-up to include a controlled CO2 atmosphere as a 
buffering system, the bulk pH was controlled by the flow conditions. The values of the bulk pH 
measured by the SIET electrode during 24 hours of immersion (see Figure 25), proved that 
the dynamic conditions applied in combination with the volume of the degradation flow 
chamber were enough to avoid the alkalinisation process in the bulk solution. 
Moreover, the degradation solution exchange might also affect the local surface 
environment. The use of dynamic conditions increases the mass transfer phenomena between 
the bulk degradation solution and the surface. This is reflected in the value of the interface pH 
presented in Figure 30 (blue profile), that presents a significantly lower pH value than the one 
obtained for the static conditions. The limited mass transfer presented by the static conditions, 
red profile in Figure 30, also with a not effective buffering system, shows how the alkalinisation 
process generated a high interface pH in comparison than when dynamic conditions are 
applied. With the immersion time, the alkalinisation effect is extended to the bulk solution as 
proposed in Figure 47. With the limited V/A ratio applied in static conditions, the alkalinisation 
of the bulk solution can progress to the surface by reducing the difference in pH between the 
two zones and therefore masking the diffusion layer (𝛿). The proposed evolution of the local 
pH profiles in Figure 47 might explain how the higher convection factor under dynamic 
conditions shows the same diffusion layer thickness at the immersion time analysed. 
Accordingly, differences in the diffusion layer thickness between 250 and 1000 µm were found 
by Mareci et al. [184] within the first 26 hours of immersion. 
However, the formation of the degradation products layer can also control the interface 
pH by two effects. i) The degradation products layer act as a barrier that against the diffusion 
of the products and reactants involved in the electrochemical process of magnesium, therefore 
hinders the diffusion of the H2O and OH- ions involved in the cathodic reaction so reducing the 
interface pH. ii) The heterogeneous precipitation processes that generate the different 
compounds present in the degradation products layer involve basic anions that are linked to 
the interface pH, as is presented in Figure 48. The contact between the degradation products 
layer and the degradation solution, the mass transfer and the buffering system, generates a 
constant dissolution/precipitation equilibrium that provides an extra buffering system damping 
the value of the interface pH. 
The established low alkaline environment under the presence of Ca2+, HCO3- and 
HPO42- in addition to the active physiological pH homeostasis, points to the possible lower 
significance of an alkalinisation process under in vivo conditions. This premise questions the 
proposed negative effect of an alkaline environment in the implantation site proposed by Song 
[244], but also in the positive stimulation of the callus formation effect proposed by Zhao et al. 
[10]. However, a limited fluid exchange or limited renewal of the ionic composition, similar to 
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the static conditions shown in Figure 30(a), will promote the alkalinisation of the physiological 
fluid at the interface but possibly also in the bulk fluid environment. 
 
Figure 48: Chemical reactions between relevant inorganic ions present in simulated physiological solutions on the 
degradation products layer formation and their relationship with the interface pH, according to Ferreira et al. [153]. 
CAPs: Calcium phosphates; DPL: Degradation products layer. 
According to the relationship between the pH, the ionic activities and the degradation 
products layer formation, the differences between the bulk solution and the surface 
environment highlight the importance of the local measurements for a reliable description of 
the mechanisms involving magnesium degradation. However, due to the mass transfer 
between the surface and the bulk environment, both solution compartments (surface and bulk) 
are interconnected, and they can influence each other. Accordingly, the static or semi-static 
In vitro degradation set-ups might have disadvantages for the study of magnesium 
degradation mechanisms or for a realistic in vivo simulation of the degradation process and 
rates of Mg-based implant materials. However, the use of static and semi-static set-ups is 
widely spread due to its simplicity and its capability for reliable material screening testing. 
5.3 Alloy influence on the degradation products layer formation on Mg 
As discussed in section 1.3, the non-fully protective character of the degradation 
products layer generated on the surface can only modulate the natural tendency of the alloy 
dissolution. This fact is supported by comparing the degradation rate generated by immersion 
in HBSS and HBSS with the addition of CaCl2·2H2O. According to that, higher dissolution 
kinetics should lead to a faster and possibly higher alkalinisation in addition to a faster increase 
in the Mg2+ ions concentration at the surface environment. In contrast, the same interface pH 
was found under HBSS and HBSS with the addition of CaCl2·2H2O for all magnesium-
materials tested, according to the results presented in section 4.2.2. This phenomenon may 
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be justified by hampering the diffusion of products and reagents diffusion and the extra 
buffering capacity generated by the degradation products layer described in the previous 
section. 
On the other hand, the similar interface pH values obtained under the same 
degradation solution composition predicts the presence of the same composition of the 
degradation products layer. In contrast, substantial differences in the crystalline phases 
present in the degradation products layer (see Figure 39), and differences in the relative 
intensity of the 𝜈3(𝑃𝑂4
3−) and 𝜈3(𝐶𝑂3
2−) IR vibrational bands (see Figure 43), were found 
between the degradation products layer generated on the E11 and Mg-2Ag alloys. In the 
absence of a local system that can absorb the excess production of Mg2+ ions generated by a 
fast dissolution kinetic, the Mg2+ ionic concentration is only modulated by the degradation 
products layer formation and the diffusion and convection effects. This fact promotes a local 
accumulation of this and other ions coming from the alloy dissolution, changing in the ionic 
activities that are responsible for the supersaturation condition of different inorganic phases 
and changing the kinetic conditions that rule the stoichiometries of the carbonates and 
phosphates phases, as described in section 5.4.1. 
In summary, the alloy composition and microstructure define the intrinsic dissolution 
rate that generates the alkalinisation and the change in the ionic activities that trigger the 
formation of the degradation products layer. In turn, once the degradation products layer starts 
to develop, a modulation effect on the electrochemical process gives the degradation products 
layer the control of the kinetics of corrosion. This situation is generated by restricting the 
inward solution flow and therefore the ions exchange between the metal/degradation products 
layer interface and the degradation products layer/degradation solution interface [75]. 
However, it also modulates the pH value at the interface as an extra local buffering system. 
Therefore, the differences in the degradation rate between different magnesium-based 
materials can generate changes in the concentrations at the interface material/degradation 
solution that promote changes in the degradation products layer composition and morphology. 
5.4 Interface pH, corrosive solution and degradation products layer on Mg 
5.4.1 Degradation of Mg-based materials in the absence of Ca2+ cations in solution 
The degradation of magnesium-based materials under simple solutions like the ones 
based on NaCl predict a high interface pH at the interface of around 11 units or above due to 
the constant release of OH- ions by the primary cathodic reaction (𝑒𝑞. 3) and the presence of 
Mg(OH)2 [75]. The immersion under dynamic conditions on commercial HBSS that ensures a 
constant solution composition over the immersion time shows a slight decrease on the 
interface pH which is found around 10 units, on the surfaces of HP-Mg, Mg-2Ag, Mg-1.2Ca, 
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and E11 (see section 4.2). This local pH is the result of the formation of a specific degradation 
products layer that modulates the pH at the interface, as described in section 5.2. 
The formation of the degradation products layer under dynamic immersion in HBSS is 
schematised in Figure 51. The initial moments of the immersion, due to the direct contact 
between the bare metallic surface and the degradation solution, are the most reactive 
moments of the degradation process. Therefore, the fast initial alkalinisation presented in 
Figure 49 by the arrow (a), promotes the formation of MgO/Mg(OH)2 on the surface. This 
partially passivated surface, as described in section 1.3.1, should modulate the degradation 
rate and in turn, the alkalinisation process leading to a lower interface pH around 10 units, as 
indicated in Figure 49 by the arrow (b). This shift stabilises the presence of magnesium 
carbonates, (e.g. MgCO3 (s)). The Mg2+ ion concentration released in the local surface 
environment by the degradation process must be taken into account in order to predict the 
degradation products layer composition accurately. Therefore, the calculations presented in 
Figure 49 include the amount of 0.8 mM Mg2+ ions according to the local concentration. This 
concentration was measured by Lamaka et al. [209] directly 10 µm above the anodic areas 
generated on AZ31B magnesium-based alloy coated with a thin sol-gel film in a 0.05 M NaCl 
solution. 
 
Figure 49: Concentration (M) in logarithmic scale (Log [Mg2+]) for the predicted Mg-containing phases on 
magnesium surface and its dependency with the interface pH under degradation in Hank´s balanced salt solution 
(HBSS, solution I) with the addition of 0.8 mM Mg2+ ions based on the values obtained by Lamaka et al. [209]. The 
dashed blue line presents the initial pH value of the degradation solution, and the grey band shows the interface 
pH measured by SIET. The blue arrows suggest the shift of the interface pH generated by the degradation process 
(a) from the first moment to the immersion and (b) with the formation of the degradation products layer. 
The fact that the presence of Mg(OH)2 brucite can be identified after several hours of 




i) A higher concentration than 0.8 mM of Mg2+ ions can be expected for the alloys tested in 
the present work in comparison with the anticorrosive coated AZ31B tested by Lamaka et 
al. [209]. This higher concentration on Mg2+ ions can shift the stability of the Mg(OH)2 
brucite phase to lower pH values. But in addition, a higher concentration of Mg2+ in the 
solution was also justified in a previous work by Mei et al. [245] by the content of Mg2+ ions 
in BEF (1.5 mM Mg2+ ions) in addition to the increment resulting from the degradation 
process estimated from the hydrogen volume released, according to 𝑒𝑞. 3. Following that, 
Figure 50 shows how an increase of Mg2+ ions of (a) 5 and (b) 10 mM in the local surface 
environment might justify the presence of Mg(OH)2 brucite on the surface of a magnesium-
based material immersed in HBSS. 
 
Figure 50: Concentration (M) in logarithmic scale (Log [Mg2+]) for the predicted phases and its dependency with 
the interface pH in a solution with a composition of a) Hank´s balanced salt solution (HBSS) with the addition of 5 
mM Mg2+ cations and b) HBSS with the addition of 10 mM Mg2+ cations, according to a higher increase of the Mg2+ 
99 
 
concentration at the interface due to the dissolution of the alloy. The dashed blue line presents the initial pH value 
of the degradation solution, and the grey band shows the interface pH measured by SIET. The blue arrows suggest 
the shift of the interface pH generated by the degradation process (a) from the first moment to the immersion and 
(b) with the formation of the degradation products layer. 
ii) The precipitation of the carbonates phases and the growth of a porous degradation 
products layer generates a restricted mass transfer of ions between the metallic surface 
and the corrosive solution. Therefore, as depicted in Figure 51 with a dashed red line, 
different concentration profiles might be established along the portion of the solution that 
leaks along with the degradation products layer. Under those considerations, significantly 
high Mg2+ concentration and higher pH levels will be achieved at the interface 
metal/degradation products layer or even at the inner parts of the degradation products 
layer, and therefore stabilising Mg(OH)2 brucite. 
 
Figure 51: Scheme of the degradation mechanism for magnesium-based materials under simple degradation 
solution like Hank´s balanced salt solution (HBSS) without the presence of Ca2+ cations. The Scheme observes 
(left) the evolution of the degradation products layer, and (right) the development of the pH above the magnesium 




The presence of crystalline Mg-phosphates phases like the possible Mg2KPO4 phase 
found for the E11 degradation products layer, or the amorphous phosphates phases identified 
by FTIR-ATR for the Mg-2Ag, is only thermodinamically justified under high Mg2+ 
concentrations at the interface according to the calculations shown in Figure 50 that predict 
the presence of Mg3(PO4)3(s) and MgPO4- and Mg3(PO4)2(s) under those circumstances. 
According to the results, the degradation layer formation under dynamic conditions in 
HBSS can be defined as a diffused bilayer structure with an inner layer where Mg(OH)2 brucite 
predominates and an outer layer with the central presence of amorphous and crystalline 
phases of Mg-carbonates and Mg-phosphates. The discrepancies concerning the 
stoichiometry and crystallinity of Mg-carbonates and phosphates found in the present work 
and with other author results are discussed in the next section. 
The high degradation rate revealed by the mass loss and the hydrogen evolution 
values (see Figure 44 and Figure 45) and the high interface pH, reveal that the composition, 
and morphology of the degradation products layer generated under HBSS do not promote 
significant passivation of the surface. This fact, in agreement with the higher degradation rates 
for different simulated body fluids in the absence of Ca2+ cations found by Mei et al. [245]. This 
fact is reflected in the aggressive dissolution observed in the α-Mg matrix phase present in the 
E11 microstructure (see Figure 33 and Figure 34), induced by the cathodic behaviour of the 
Gd,Nd-rich intermetallic particles and the Gd-segregated areas in the α-Mg matrix. 
 Mechanisms of Mg-carbonate/phosphates formation on the degradation products layer 
The degradation products layer composition presented by previous authors is in partial 
agreement with the description above due to a similar general composition but presenting 
different crystalline Mg-carbonates and phosphates phases. Kieke et al. [151] analysed the 
degradation products layer of Pure-Mg under static immersion in HBSS (solid/liquid ratio of 
0.2 g/mL) and cell culture conditions by XRD finding the presence of Mg(OH)2 brucite and 
Mg(HCO3)OH·2H2O nesquehonite. Tie et al. [246] studied the degradation products layer of 
Pure-Mg under static conditions in HBSS by XPS, and he identified the presence of MgO, 
Mg(OH)2, MgCO3 and Mgm(PO4)n. Moreover, the presence of Mg2CO3(OH)2·3H2O and 
Mg3(PO4)2·2H2O was identified after immersion of pure-Mg in SBF containing HCO3-, HPO42-, 
and SO42- by Mei et al. [245]. Due to the similarity of the degradation solution compositions 
presented in above-cited works with the HBSS applied in the present work, the same interface 
pH around 10 units is expected. Therefore, the discrepancies in the Mg-
carbonates/phosphates stoichiometry found in the literature and the present work, cannot be 
just analysed from the thermodynamic point of view. 
Christ and Hostetler [247] analysed the geochemical behaviour of MgCO3 magnesite 
defining the precipitation of Mg-carbonates as an actively kinetically controlled process. The 
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appearance of thermodynamically unstable phases (more hydrated) in comparison with the 
higher thermodynamic stability of magnesite is explained by the high ratio between the 
electrical charge and the ion surface area of the Mg2+ ion. This condition generates strong 
bonds to the water dipoles that creates very strongly bonded layers of water molecules 
surrounding the magnesium ion (ΔH°hyd(Mg2+) = -672 kcal·mol-1). Those layers have been 
described as a first solvation shell with six water molecules and 12 water molecules in the 
case of the second solvation shell, as described by Hänchen et al. [248]. Under those 
circumstances, only the second solvation shell is affected by changes in the temperature and 
concentrations of the solution. However, with increasing the salinity (e.g., with the addition of 
NaCl or KCl), the activity of the water in the solution is decreased. Therefore the proportion of 
less-strongly hydrated Mg2+ ions in solution is increased, generating less hydrated forms. 
According to that, even though MgCO3 magnesite is the most stable Mg-carbonate phase; no 
magnesite is found under aqueous media in standard temperature and pressure conditions 
(STP). In contrast, Mg(HCO3)OH·2H2O nesquehonite is mostly the phase precipitated under 
STP conditions, and therefore justifying that this Mg-carbonate was found by Kieke et al. [151] 
and Hou et al. [110] after degradation tests in HBSS under cell culture conditions. 
However, the kinetically stabilised nesquehonite structure can be affected by the 
solution environment generating a phase transformation involving more thermodynamic stable 
phases. Concerning the temperature, Dong et al. [249] reported that the solubility of 
nesquehonite in pure water decreased when the temperature increases between 25 and 40°C, 
and between 50 and 70°C nesquehonite experienced a complex phase transformation that 
includes amorphous phases. The author observed that the phase transition from nesquehonite 
to an Mg-carbonate amorphous phase persisted in the presence of NaCl at 40°C, or by the 
increasing addition of MgCl2. On the other hand, the addition of Mg2+ ions in the presence of 
NaCl generates a higher ionic strength that means higher salinity, therefore as exposed by 
Yoo et al. [250], a higher concentration of Mg2+ ions promote a higher fraction of less hydrated 
phases like the basic carbonate (MgCO3)4·Mg(OH)2 hydromagnesite. Besides, the author 
exposes that an alkaline environment favours the formation mechanism of hydromagnesite. 
With the increase of the temperature above 40°C, Hänchen et al. [248] exposed that 
hydromagnesite is mostly the precipitated phase due to the influence of the temperature on 
the secondary hydration number. However, the transformation from hydromagnesite to 
magnesite under aqueous conditions is a slow process that often requires days at high 
temperatures (60 – 100°C) and moderate partial pressure of CO2 (pCO2). However, other 
factors can accelerate the transition to magnesite. As commented before the increase of the 
salinity reduce the activity of the water and therefore favour the dehydration by reducing the 
thickness of the second hydration layer of Mg2+ ions. The increase of CO32- ions that have a 
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large radius and not completed surrounded by water molecules, can be adsorbed on the 
crystal surface easier and therefore a low Mg2+/CO32- ratio, might help to keep water molecules 
away from the crystal surface and therefore hindering the formation of nesquehonite [250]. 
Concerning how those phase transformations overcome the kinetic barrier, Yoo et al. 
[250] proposed an Mg-carbonate amorphous structure as the precursor of the later crystalline 
hydrated Mg-carbonates like nesquehonite, and the consumption of OH- by a low pH, will 
promote the generation of extra OH-, affecting the formation of the crystalline Mg-carbonate 
structures. Yang et al. [251] observed a complex phase change at 37°C and 100% RH that 
was not observed at 25°C, from amorphous Mg-carbonates nanoparticles aggregates to 
hydromagnesite. Harrison et al. [252] exposed that multiple hydrated carbonate phases often 
co-exist, and this is explained due to the more-hydrated phases act as precursors of less 
hydrated phases. Davies and Bubela [253] argument that the transformation between 
nesquehonite and hydromagnesite takes place by an amorphization/recrystallization process 
that involves a poorly-ordered proto-hydromagnesite structure supported by Lanas and 
Alvarez [254] at 115°C, but this precursor is missing at higher temperatures as 460°C. 
As detailed in the Introduction, not many works on magnesium-based biomaterials 
dealt with the degradation process under dynamic conditions (section 1.3.2). Within all these 
works most of them focus of the effect of the flow on the degradation rate and degradation 
morphology and provide limited information about the degradation products layer composition, 
most of the times providing relative elemental composition by EDX measurements. However, 
in agreement with the amorphous phases found in the present work, the dynamic degradation 
studies on porous commercially pure Mg specimens performed by Saad et al. [156,162], 
presented Mg(OH)2 as the only crystalline precipitate while different morphology precipitates, 
including different Ca and P quantities, were found on the surface. On agreement with this 
degradation products layer composition under dynamic conditions, Li et al. [188] tested WE43 
in HBSS under static, stirred and flowing conditions, concluding that variations on the surface 
Mg2+ and OH- ion concentrations generated by the different set-ups influence the crystallinity 
of the products formed on the degradation products layer. Moreover, Marco et al. [155] pointed 
to the formation of crystalline Mg2P2O7 only when high rotation speeds were applied to a 
rotational electrode disc during polarisation measurements, and only crystalline Mg(OH)2 was 
identified under static conditions. 
Similar considerations should be made concerning the stoichiometry of Mg-
phosphates. Due to the high affinity of Mg2+ ions to bind oxygen-containing ligands, a high 
number of hydration molecules can also be found in Mg-phosphates phases. According to the 
precipitation studies of Tamimi et al. [255], an abrupt reduction of the water molecules was 
found when the temperature is increased up to 37°C. For 10 times higher concentrations of 
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Mg2+ than the ones found in the body, Mg3(PO4)2·8H2O and Mg2PO4OH·4H2O were identified 
for a pH of 7.4 while for a pH between 8 and 10 the phase Mg3(PO4)2·5H2O was stabilised. 
Therefore, and considering the similarities with the Mg-carbonate formation, the presence of 
hydrated Mg-phosphate phases, including the amorphous condition, can be justified under the 
immersion conditions presented in this work. 
According to exposed above, seems to be clear that differences in the degradation set-
up and the magnesium-based material under degradation, are sources of multiple variations 
in the local degradation environment. This effect might explain the differences between the 
different crystalline Mg-carbonates found under static conditions and the amorphous phases 
found under progressive degradation in the present work: 
i) A static or semi-static degradation set-up, especially under low V/A ratios, increase the 
Mg2+ and a decrease in the HCO3- ions concentration that might stabilise hydrated 
products like nesquehonite. On the contrary, dynamic conditions provide a constant 
supply of HCO3- ions generating higher carbonate precipitation, as Knigge and 
Glasmacher [256] exposed. Moreover, also the increase in the mass transfer can 
absorb better the local surface increments of Mg2+ and OH- ions, that might promote 
the precipitation of amorphous Mg -carbonates. 
ii) Moreover, those differences in the degradation set-up can also promote changes in 
the interface pH as a consequence of the alkalinisation process of the bulk solution, as 
was revealed by Mareci et al. [184] and the Figure 31. According to exposed in section 
1.3.2, the alkalinisation of the local surface environment will increase the solubility of 





𝐾1 ∙ 𝐾2 ∙ 𝑎𝐻2𝑂
4 ∙ 𝑃𝐶𝑂2 ∙ 𝛾𝑀𝑔2+
 (𝑒𝑞. 23) 
iii) Differences in the kinetics of the alloy dissolution can affect the local Mg2+ ions 
environment. For a defined set-up in which the mass transfer and the degradation 
solution composition is fixed, a higher degradation rate promotes an increase of Mg2+ 
ions in the local surface environment. 
In conclusion, since those Mg-carbonates/phosphate phases are in constant 
equilibrium with the ions in solution, different phases are established according to variations 
in the local concentrations of the electrolyte and the immersion time. Also, the multiple 
potential hydrated phases, complicate the prediction of Mg-carbonates/phases stoichiometry 
formation. Therefore, the study of accurate in situ local measurements of local ionic 
concentrations could help to elucidate the mechanisms of the degradation products layer 
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formation under different set-up conditions for different degradation rate magnesium-based 
materials, and then assimilate such conditions to the ones found in a specific implantation site. 
5.4.2 Degradation of Mg-based materials in the presence of Ca2+ cations in solution 
By including a physiologically relevant concentration of Ca2+ cations (e.g., 2.5 mM) was 
revealed a less aggressive degradation process with less dissolved anodic areas, as showed 
for the E11 microstructure in Figure 34. Besides, the local surface environment is shifted to 
significantly lower pH values around a pH of 8, and a less aggressive environment results to 
a significant reduction of the degradation rate for all magnesium alloys tested in comparison 
with the immersion in HBSS (see Figure 44 and Figure 45). 
Under those conditions, the local surface processes involving the degradation 
mechanism under dynamic immersion in HBSS in the presence of Ca2+ cations is 
characterised by the following steps, that are schematised in Figure 53. 
i) The initial moments of the immersion expose the direct contact between the metallic 
surface. Therefore we should expect the most reactive moments of the surface as well as 
under immersion in HBSS. However, in the presence of Ca2+ cations, the DVIT analysis 
revealed (see Figure 24), a low surface pH developed from the first seconds of the 
immersion. According to the thermodynamic predictions in Figure 52 for different 
concentration of Mg2+ ions (from 0.8 to 10 mM), from the initial pH of 7.6 until the final 
local pH developed on the surface (grey band between 8.0 and 8.8 pH units), different 
compounds are predicted to precipitate on the surface. Those phases are Ca5(PO4)3OH(s) 
(Hydroxyapatite, HA), crystalline Ca, Mg-carbonate CaMg(CO3)2(cr), CaCO3(s), among 
other more soluble phases like NaHCO3 and MgSO4, and MgCO3(s) when the 
concentration of Mg2+ is increased above the physiological value of 1.5 mM. Due to the 
complicated precipitation process involved at the interface pH in the presence of Ca2+ 
cations, it is not possible to estimate any sequence of precipitation without in situ 
characterisation methods. 
However, according to Figure 43, the higher relative intensity of the 𝜈3(𝑃𝑂4
3−) band with 
respect to the 𝜈3(𝐶𝑂3
2−) band within the first 10 minutes of immersion, in comparison with 
the relative intensity of both bands under immersion in HBSS. This point to the probability 
that those phases play the leading role on the low initial surface pH revealed by DVIT 
(Figure 24). According to the thermodynamic prediction in Figure 52, this influence might 
be associated with the precipitation of amorphous CaPs. Previous in vitro studies by Agha 
et al. [48] on HP-Mg under similar compositions to the HBSS with the addition of 
CaCl2·2H2O tested in the present work, support the presence of amorphous CaPs phases. 
Those amorphous CaPs phases are fundamentally found in the outer part of the 
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degradation products layer. Therefore, it is plausible that a fast initial amorphous CaPs 
precipitated layer, possibly with a minor fraction of Mg, Ca-carbonates generates the fast 
initial passivation of the surface. 
 
Figure 52: Concentration (M) in logarithmic scale (Log [Mg2+], log[Ca2+]) for the predicted phases and its 
dependency with the interface pH in Hank´s balanced salt solution (HBSS) with the presence of 2.5 mM Ca2+ 
cations and the presence of a) 0.8 mM Mg2+ cations, b) 2.5 mM Mg2+ cations, c) 5 mM Mg2+ cations, and d) 10 mM 
Mg2+ cations, according to a higher increase of the Mg2+ concentration at the interface due to the dissolution of the 
alloy. The dashed line presents the initial pH value of the degradation solution, and the grey band shows the 
interface pH measured by SIET under HBSS with the addition of CaCl2·2H2O. 
However, the high protective effect of the degradation products layer generated in the 
presence of Ca2+ cations cannot be exclusively attributed to the CaPs. According to 
previous works [48,245], the contribution of Ca, Mg-carbonates and Mg-phosphates to 
the degradation products layer in the presence of Ca2+ cations showed a synergic effect 
between the Ca2+ HCO3- and HPO42- ions on the formation of an additional semi-protective 
layer that generates an of significant reduction on the hydrogen evolution. The synergic 
precipitation effect of MgCO3 and Mg(OH)2 and CaCO3 calcite crystals over the cathodic 
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areas was the postulated mechanism responsible for decreasing the degradation rate of 
magnesium in the presence of salt solutions in combination with the atmospheric CO2 
[257,258]. In addition, this effect was also manifested for more complex degradation 
solutions like the ones applied currently for in vitro testing [48,259]. On the other side, 
according to what was exposed in section 5.2, the higher amount of inorganic phases 
precipitated involving several basic anions like the case of Ca5(PO4)3OH(s) or the most 
realistic amorphous phase Ca10-x(PO4)6-x(HPO4 or CO3)x(OH or ½ CO3)2-x with 0 ≤ x ≤ 2, 
are the responsibility of the significant drop in the interface pH. 
ii) After precipitation of the dense but still not fully protective CaPs phases, a different 
microenvironment might be established along with the degradation products layer growth, 
from the metallic surface where the cathodic reaction takes place and the surface of the 
degradation products layer with a pH of 8.0 – 8.5 units. In this suggested local 
environment gradient, schematised in Figure 53 by a red dashed line, a high Mg2+ ion 
concentration and high pH can be assumed. Those conditions will decrease the fraction 
of amorphous CaPs and Ca,Mg(CO3)2(cr), and the increase the fraction of Mg-carbonates, 
according to the thermodynamic prediction of Figure 52(d). This internal 
microenvironment developed along the degradation products layer will justify the 
presence of Mg(OH)2, confirmed in Figure 39(b). This increase in the Mg, Ca-carbonates 
precipitation is supported by the drop of the 𝜈3(𝑃𝑂4
3−) band relative intensity with rispect 
to the 𝜈3(𝐶𝑂3
2−) band over the immersion time exposed in Figure 43 for the E11 surface. 
iii) On the other hand, Figure 36 confirms that the degradation products layer formed under 
HBSS with the addition of CaCl2·2H2O was always accompanied by a localised 
degradation process with filiform morphology that in occasions has the interface 
metal/resin as initiation site. Those highly localised degraded areas present higher 
calcium and chlorine ions precipitation (see Figure 37 and Figure 38). A local degradation 
process is often justified by surfaces with a high proportional area under cathodic 
behaviour and smaller areas with anodic behaviours, like the ones found on passivated 
or coated metallic surfaces. Gahli [260] defined the crevice and filiform corrosion in 
magnesium alloys as a process that typically happens on coated metal surfaces where 
the trigger is a pitting process. Then the corrosion process happened at a slower rate on 
radial directions than the one on the direction of the filiform head. With the progress of the 
filiform head, the body immediately behind is passivated. Due to the low influence of the 
oxygen reduction reaction in magnesium degradation, the reason why is progressing the 
head of the filiform structure and the presence of crevice phenomenon under aqueous 
solution is still unclear. However, this phenomena possibly follow an “autocatalytic” 
process [261] via interconnection of active galvanic cells formed by noble impurities 
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across the surface generally starting from an anodic spot in the edge of the specimen, 
and progressing under the internal cathodic sites by the anodic dissolution of the 
surrounding matrix. This effect could also be associated with the migration of Cl- anions 
that compensate the positive charge generated by high Mg2+ cations concentration on the 
head of the filiform morphology, and a possible depletion in ions like Ca2+, HCO3- or 
HPO42- suppressing the protective synergic effect. Therefore, the presence of those local 
degradation processes is justified by the highly protective degradation products layer 
generated by the addition of CaCl2·2H2O to the HBSS. 
 
Figure 53: Scheme of the degradation mechanism for magnesium-based materials under Hank´s balanced salt 
solution (HBSS) with the addition of 2.5 mM of CaCl2·2H2O. The scheme observes (left) the evolution of the 
degradation products layer, and (right) the development of the pH above the magnesium surface and the unknown 
pH environment along with the degradation products layer (dashed red line). (δ: diffusion layer). 
 Mechanisms of Ca-carbonates and CaPs formation on the degradation products layer 
The degradation products layer composition generated in HBSS in the presence of 
Ca2+ cations is in agreement with the observations presented by previous authors. Kalb et al. 
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[189] presented a degradation products layer generated on WE43 after 18 hours of immersion 
in SBF with a bilayer structure. This structure was formed by an internal layer with low 
concentration in Ca and P and High content of O and Mg, while the external layer presented 
higher content of P and Ca with lower proportional content of Mg. Moreover, the dynamic 
conditions applied by Lévesque et al. [159], showed again a bilayer structure generated on 
AM60B-F discs tested in modified HBSS, including Ca2+, Mg2+ HCO3- and HPO42- ions. The 
author presented a Ca, P-rich outer layer and an inner layer with high content in Mg, O, and 
P. In addition, in vivo experiments presented by Bowen et al. [262] showed how pure Mg wires 
implanted in the arterial adventitia of the abdominal aorta generated presented the same basic 
structure with a Ca, P-rich outer layer, with an Mg, O-rich inner layer with significant 
penetration of P and small amounts of C. 
Concerning the presence of Ca-carbonate phases, approximately 79 kcal·mol-1 more 
is required to remove the water molecules shell from an Mg2+ ion that from a Ca2+ ion [247], 
pointing to a lower kinetic control influence in Ca-carbonates precipitation. Therefore, 
according to Zhang et al. [263] even when the binding free energy between the Mg2+ and the 
CO32- ions is higher than between the Ca2+ and the CO32- ions and the solubility products of 
both carbonates are rather small in water, the formation of the calcium carbonate nucleation 
cluster is not thermodynamically preferred but kinetically faster due to the much lower 
dehydration free energy barrier [263]. According to Berninger et al. [264], the presence of Ca2+ 
cations in the environment promotes its incorporation to the magnesite structure but without 
affecting significantly to the magnesite growth kinetics. This effect contrasts with the well 
documented [265–267] inhibiting effect of Mg2+ ions in the growth kinetics of calcium carbonate 
stabilises ACC forms generating a so-called Mg-stabilised amorphous calcium carbonate (Mg-
ACC). Also, depending on the Mg: Ca ratio in solution, the stability of Mg-ACC varies, and 
high Mg content Mg-AAC might crystalise in high-Mg-calcites, together with other hydrated 
Ca-carbonate phases as exposed by Loste et al. [265]. 
Moreover, Myszka et al. [268] and Lassin et al. [269] pointed to the importance of 
amorphous calcium carbonate (ACC), a highly hydrated metastable form, in the 
biomineralisation process as a precursor to a crystalline Ca-carbonate species like calcite. 
The author highlights the importance of different molecules that acts as crystallisation 
inhibitors and point to HPO3-/PO32- ions as an inhibitor of the predicted steps of the Ostwald-
Lussac law in the transformation between ACC and CaCO3 calcite [263]. 
Concerning the CaPs phases, the designation of those phases as amorphous is 
supported by a characteristic broad IR absorption band indicating a relatively significant 
amount of vibrational freedom [262], and the non-presence or very week presence of 
phosphates (in the case of degraded Mg-2Ag surface) under crystalline form revealed by XRD 
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diffraction in Figure 39(b). The presence of the more stable CaP phase, Ca5(PO4)3OH (HA) 
can be less favoured due to a faster nucleation process of more soluble CaPs including 
octacalcium phosphate (OCP) or amorphous Ca-phosphate Ca3(PO4)·nH2O. Also, the 
presence of Mg2+ ions shows an inhibition effect on HAP growth despite other CaPs. This 
effect is possibly justified by competing for the Ca2+ structural sites, and the presence of CO32- 
ions that can block the phosphate nucleation sites and therefore reduce the crystallinity or 
induce the CaCO3 precipitation [270].
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6 Summary and conclusions 
Scanning Ion-selective Electrode Technique (SIET) was applied to monitor the in situ 
local pH above the surface of different degradable magnesium-based biomaterials (as-cast 
HP-Mg, as-cast Mg-1.2Ca, as-cast E11, and extruded (T4) Mg-2Ag) under different 
degradation solutions based on HBSS. Those results were correlated with the degradation 
rate, the characterisation of the degradation products layer, and the thermodynamically 
calculated phases, leading to the following findings: 
• The SIET scans established a pH profile over the magnesium surface distinguishing a 
progressive higher pH environment near the surface in contrast with a lower pH of the 
bulk solution. Under the dynamic conditions applied in this work (1.5 mL/min), the pH 
varies within the 700 µm above the surface, that defines the diffusion layer for the OH-
/H+ system. Those differences in the surface environment can be qualitatively 
equivalent to the concentration of Mg2+ ions, and in decreasing direction towards the 
surface for species that comes from the degradation solution like HCO3- or HPO42-, due 
to their higher diffusion coefficients. Therefore, the interface environment is the one 
that controls the precipitation/dissolution equilibriums of the degradation products layer 
formation. 
• The pH profile above the magnesium surface is affected by the following factors: 
i) The degradation solution exchange affects the mass transfer between the 
local surface environment and the bulk solution. The dynamic conditions 
applied in this work (1.5 mL/min) provide a stable bulk composition and pH, 
avoiding artefacts (e.g. abnormal alkalinisation) presented by the limited 
volume and limited mass transfer under static or semi-static circumstances. 
Therefore, a dynamic set-up presents a better capacity of mimicking the in 
vivo results given its potential capacity of mimicking the homeostasis 
capacity of a specific implantation site condition. 
ii) The buffering system can affect the bulk and the local pH environment. 
However, widely use buffering systems like HEPES also alter the local 
surface chemistry. Therefore, the use of buffering systems that simulate the 
physiological pH homeostasis (e.g., HCO3/CO2) is required when an 
experiment aims the study of degradation mechanisms. 
iii) The alloy composition/microstructure has an intrinsic degradation rate that 
is translated into a specific OH- and Mg2+ ions release. The releasing rate of 
those products is the source of the alkalinisation process at the surface. 
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iv) The ionic composition of the corrosive solution at the surface promotes a 
specific degradation products layer composition and compactness. The 
compactness of this products layer modulates the kinetics of the magnesium 
dissolution and therefore the OH- and Mg2+ released to the surface. 
v) The precipitation/dissolution equilibriums involving the degradation products 
layer formation generate a local buffering system at the surface. Those 
precipitation/dissolution processes modulate the OH- releasing promoting 
the same interface pH for significant differences in the dissolution rates. 
(e.g., between the E11 and HP-Mg systems). 
• The immersion of magnesium-based materials under simple solutions like HBSS leads 
to the formation of a degradation products layer formed by a bilayer structure of an 
inner layer MgO/Mg(OH)2 brucite and an outer layer of amorphous Mg-carbonates and 
phosphates. This degradation products layer revealed a low protective capacity that 
promotes an interface pH between 10 and 10.5 units and high degradation rates. 
• The addition of the physiologically relevant quantity of Ca2+ cations (2.5 mM) to the 
HBSS composition, generates fast initial precipitation of highly protective amorphous 
CaPs compounds. The compactness of the CaPs layer hinders actively the diffusion 
between the solution and the metallic surface, generating different environments at the 
interface metal/degradation products layer and the interface degradation products 
layer/surface solution. Those conditions promote the inward growth of the degradation 
products layer through the precipitation of Mg,Ca-carbonates that in synergic effect 
with the amorphous CaPs layer promote a significant decrease in the interface pH 
(between 8 and 8.5 units) and degradation rate. 
Future studies correlating in situ interface pH, with local relevant ion concentrations (e.g., Ca2+, 
Mg2+, HCO3-, HPO42-), and in situ degradation products layer characterisation for different 
magnesium-based systems and different fluid exchange rates, will bring valuable information 
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